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Abstract

In this work SnO,/ CuO- rGO nanostructures have been prepared as gas
sensor using different techniques. The rGO, and CuO nanostructures were
prepared by hydrothermal method then deposited on glass substrate utilizing
dip coating technique. The third layer of SnO, was deposited on the thin film
by pulsed laser deposition technique. The investigation of weight percentage
of GO and annealing temperatures on the CuO-rGO nanocomposites were

studied.

XRD results demonstrate that the reduction of GO has been done
completely at 200 °C as preparation temperatures. Weak diffraction peaks
related to rGO were observed in the CuO-rGO samples. The main diffraction
peaks related to rGO, CuO, and SnO, appeared in the three layers thin film.
The results of TGA analysis showed that the rGO samples were more stable
than GO and the stability of CuO-rGO nanocomposites which decreasing
with increasing the amount of GO while the CuO sample showed higher
stability. FTIR spectra for GO, rGO, CuO, SnO,, CuO-rGO samples showed
many peaks corresponding to O-H, C-H, C=C, C=0=C aromatic, C-C, CO-
H, C-H and Cu-O, Sn-O bonds. A slight decrease in the peak intensity has
been noted in the CuO-rGO samples.

FESEM and TEM results illustrated that the GO displays overlapped
folded stoked layers but GO appears in a plate-like structure with curved
textures with more pores. CuO samples exhibited a rod shape. CuO-rGO
samples showed a rod and spherical like shape depending on the amount of

GO in the nanocomposites. SnO, appears in a spherical-like shape.



The EDS spectra of GO and rGO samples indicated that the atomic ratio
of O:C in GO decreased as a result of the reduction of GO. The EDX
characterization of the CuO samples revealed the presence of copper and
oxygen. The EDX analysis of CuO- rGO samples showed that Cu, O, and C
are the main elements for samples, and no other impurities. AFM results
showed that the roughness of annealed GO thin film reduced after reduction
but the surface roughness of annealed CuO thin film increased after
increasing the preparation temperatures. High surface roughness was

observed for annealed CuO -rGO thin films which were prepared at 200 °C.

The BET results demonstrated an increased in the surface area of GO after
reduction but CuO samples showed low surface area with high pore
diameter. CuO- rGO samples exhibited intermediate surface area with high
pore diameter compared to CuO. All samples showed a direct band gap and
UV-visible spectroscopy revealed a reduction in the energy gap of the CuO-
rGO and a slight decrease was observing for the SnO,/CuO-rGO. I-V

characteristics revels a Schottky contact for all samples.

Gas sensor measurements showed that the CuO sensors were least
sensitive to NH, gas, whereas rGO sensor shows relatively high sensitivity
and the SnO_/rGO sensor has the highest sensitivity. The SnO_/ CuO- rGO,
and SnOz/CuO, SnOZ/rGO sensors were the most selective to st gas,
whereas the SnO_/rGO sensor has the highest sensitivity. The best sensor
toward both gases was SnO_/CuO- rGO which was improved after adding

rGO, and it responded more quickly than the other samples.

vi
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1.1 Introduction
It is well known that the atmosphere contains numerous natural and

synthetic chemical species, some of which are vital to the survival of
organisms while the others are harmful to them [1]. Furthermore, indoor
environments contain a multitude of volatile organic compounds (VOCs),
including but not limited to methanol (CH3;OH), benzene (C¢Hs), acetone
(CH3COCHg3), ethanol (C,HsOH), and toluene (CsHsCHs), alongside
Inorganic gases such as carbon dioxide (CO,), nitrous oxides (NOx), and
carbon monoxide (CO). Recently, advancements in industrial sectors have
increased recognition of the potential for hazardous gases to enter the human
body by skin absorption or inhalation, subsequently entering the
bloodstream or lungs may cause various cellular reactions and potentially

give rise to health complications [2].

Hence, the global concern regarding air pollution has significantly
increased [3]. It was necessary to design a gadget to effectively monitor air
pollution and detect various substances in the surrounding environment.
Numerous conventional approaches include the development of detecting
devices that utilize auditory signals to alert individuals to the presence of
hazardous gases. However, the reliability of these approaches is questionable
due to the necessity of obtaining precise real-time measurements of the
concentration of the gas being targeted [4, 5]. There is an increasing demand
for the development of gas sensors that possess enhanced selectivity and
sensitivity to detect contaminants in the environment effectively. These
sensors should also exhibit robustness, accuracy, and cost-effectiveness [6,
7].
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Gas sensors are categorized based on the sensing material employed in

the sensor, which dictates the nature of the reaction between the sensing
material and the gas being detected [8] including catalytic sensors [9],
electrochemical sensor [10, 11], optical gas sensor [12, 13], infrared sensor
[14, 15], acoustic wave gas sensor[16, 17]. The last and most prevalent
variety of gas sensor is the metal oxide semiconductor gas sensor (MOS).
This sensor is distinguished by its ability to detect various gases (transient
organic compounds or inorganic compounds) at low concentrations in the
range of part per million (ppm) or part per billion (ppb) [18]. MOSs is based
on two functions that define their fundamental principle: first, the chemical
reaction that occurs between sensing materials and target gases; second, the
conversion of this chemical reaction into electrical signals due to a change in

resistance [19].

1.2 Literature Reviews
Many researchers have adopted much work in gas sensors and their

different applications, especially in protecting the environment from the risk
of toxin gases. From this time, many efforts were oriented toward

developing semiconductor gas sensors [5]. Here, several studies were listed:

Verma et al. (2010) [20] prepared two types of sensors: a SnO, film with
a thickness of 90 nm loaded with a monolayer of copper oxide (CuQO) with a
thickness of 10 nm using radio frequency (rf) sputtering and pulsed laser
deposition (PLD). The study revealed that the hydrogen sulfide (H.S) gas
detection limit using a SnO, / CuO sensor was significantly improved in
both PLD and sputtering techniques. Specifically, the sensor's sensitivity
increased from approximately 147 to 2314 in the case of PLD and from

around 14 to 211 in the case of sputtering. The increase in adsorbed oxygen
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content on the surface of the sensing film at a low operating temperature of

100 °C can be attributed to the heterostructure and morphology of the

sensing layer.

Jundale et al. (2011) [21] employed a sol-gel and spin-coating technique
for coating a nano-film of CuO onto a glass substrate. The process involved
the utilization of cupric acetate (Cu (CH3COOQ)) as a precursor. The films
underwent thermal treatment within the temperature range of 300 to 700 °C
to enhance the performance of H,S gas. The film subjected to a temperature
of 700 °C demonstrated a response of around 25.2 when exposed to a 100
ppm gas concentration at a temperature of 200 °C. The CuO film appeared

in a monoclinic-crystal structure, which is advantageous for sensing.

Choi et al. (2012) [22] reported the synthesis of CuO@ SnO, nanofibers
by utilizing an electrospinning technique for H,S gas detection. The results
demonstrated high response of (~1.98 x 10%) at 300 °C toward H,S gas
compared with bare SnO, nanofibers with fast response and recovery time of
about 1 seconds and 10 seconds, respectively. The formation of p-n
heterojunctions between p and n types during the adsorption-desorption
process of H,S gas and the high specific surface area resulting from the one-

dimensional nanofibers shape enhances the gas sensing performance.

Hu et al. (2013) [23] manufactured highly responsive rGO sensor for NH;
gas detection. In this study, GO was reduced chemically using polypyrrole
which was dispersed in water and sonication for 1 hour at room temperature.
The rGO sensor exhibited a 23% response towards 50 ppb NHs; gas, as
evidenced by a rapid response time of around 1.4 seconds under ambient

conditions. The observed improvement in sensor responsiveness can be
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attributed to high surface area and the favorable adsorption of polypyrrole

molecules onto the sensing film.

Kumar and Gupta (2014) [24] fabricated a pair of sensors using SnO,
and SnO,-CuO thin films by PLD technique to detect H,S gas. The
deposition process involves pressing powders of SnO, and CuO within a
mold by applying a pressure of 110 MPa. The pellets of SnO, and CuO
underwent annealing at 1350 °C and 400 °C, respectively, for 4 hours in a
furnace. The targets were ablated using the Nd-YAG laser with a
wavelength of 266 nm, operating at a pulse rate of 5 Hz and a flounce of 100
mJ/cm? with 310 shots for SnO, and 20 shots for CuO. The sensor's response
exhibited an increase from 1.4 x 102 to 4.3 x 103 during 2 seconds after the
introduction of CuO. The ability of H,S gas to penetrate the nanocomposite
at a deeper level can be related to the film's surface shape, characterized by
many pores. CuO can engage in sensing by creating a p-n junction between
two oxides which prevents the movement of charge carriers and increases

the sensor's resistance.

Katoch et al. (2015) [25] employed the technique of electrospinning to
incorporating CuO/SnO; sensor. The sensor responded around 522 when
exposed to 10 ppm of H,S gas at 300 °C. The response time of the sensor
was measured to be one second. It was found that the interaction between
CuO and SnO; results in the formation of a p-n junction and a transition in
the semiconductor phase from CuO to the metallic state CuS which enhance

sensitivity.

Li et al. (2016) [26] employed a hydrothermal approach to fabricate a
porous CuO sensor to detect H,S gas at room temperature. The interaction
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between CuO and H,S characterizes the sensor's performance, resulting in a

phase transition from a semiconductor (CuO) to a metallic state (CuS). The
sensor exhibited a response value 1.25% and response and recovery times of
approximately 234 seconds and 76 seconds, respectively. Notably, the
sensor demonstrated favorable selectivity towards H,S compared to other

gases.

Sakthivel et al. (2017) [27] employed hydrothermal synthesis to produce
CuO nano-rectangles to develop a room temperature NHj; sensor. An
approximate response of 0.98 was reported for an NH3 gas concentration of
around 100 ppm. The observed response in the sensor can be attributed to
the high surface area (29 m?/g), which offers a more significant number of
sites for the adsorption process. The primary attributes of this sensor are its
ability to operate effectively at room temperature and remain unaffected by

changes in humidity levels.

Li et al. (2018) [28] produced multi- layers sensor of rGO by simple and
low-cost thermal reduction at 300 °C for 10 minutes. Thus, GO films with
different layers (1, 2, 3, and 4 layers) were prepared. The two - layer sensors
responded well to 50 ppm NH; gas and had a response time of 24 seconds,
followed by one, three, and four- layers. The two - layer sensors have many
flaws and adsorption sites. However, 3 and 4 layers generated rGO-sheet
agglomeration and inhibited NH; adsorption, weakening gas sensor

characteristics.

Yin et al. (2019) [29] proposed CuO@ rGO nanostructures with the
assistance of microwaves under normal conditions. The homogenous

suspension was obtained by dissolving copper acetate in GO solution and



7

Chapter One Introduction
stirring for 30 minutes. The CuO@ rGO sensors exhibit a response around

68.5 to H,S gas concentrations ranging from (1- 10) ppm within an
operational temperature range of 50 to 150 °C. The improvement in the
sensitivity of sensors towards low-concentration H,S can be attributed to the
formation of substantial quantities of p-p heterojunctions and the

hierarchical structure of CuO-coated rGO.

Peng et al. (2020) [30] used a simple hydrothermal technique to create a
CuO sensor at 140 °C. The results showed that the sensor response primarily
depended on the concentration of H,S gas and the sensor's working
temperature. When the working temperature raised to 150 °C, the interaction
rate increased, resulting in rapid recovery time. It was found that the
response for the 5 ppm H,S gas was 10.9 at 150 °C, more significant than

the other gases. This demonstrated the H,S gas's remarkable selectivity.

Boroun et al. (2021) [31] conducted a theoretical investigation utilizing a
3-D wire/shell architecture composed of SnO, and CuO to develop a sensor
capable of detecting H,S gas, employing a (n—p-n) configuration. The
primary emphasis of this investigation was directed towards the geometric
characteristics of the sensor. The study revealed that rods, wires, and particle
arrangement designs exhibited a more excellent response value than
alternative configurations. Hence, the 2/ wires (n—p-n) junction responded
towards H,S gas better than the single CuO and bi-layer designs. Based on
the obtained results, it can be observed that the presence of an (n-p-n)
junction significantly increases the resistance of the "two-wires" system in
an air environment. It was found that the response of the 2/ wires (n —p- n)
junction sensor was ~ 10° at 10 ppm H,S gas at 150 °C, slightly matching

with experimental studies.
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Jung et al. (2022) [32] employed the thermal-evaporation technique to

fabricate a CuO film with high porosity to detect H,S gas. A Cu source was
used in the fabrication of porous Cu films. The films were subjected to
annealing treatment in range of (400-700 °C) for 1 hour. The CuO film,
which exhibited a porosity of 95.2%, had a response of approximately 2.7
with a recovery time of 514 seconds when exposed to 1.5 ppm of H,S gas at
325 °C. The enhanced sensor responses were obtained through many pores

in the CuO layer, facilitating the transport of gas molecules into CuO sensor.

Sun et al. (2022)[33] fabricated a high response-H,S gas sensing by
doping Cu with SnO,-rGO via a simple solvothermal method at 180 °C for
12 hours. A subsequent annealing procedure was carried out after the
synthesis process at 400 °C for 2 hours. The sensor’s sensitivity of around
156.7 at 120 °C has been observed for detect 10 ppm H,S gas. The observed
high sensitivity value can be attributed to a (p-n-p) heterostructure offering
numerous adsorption sites and vacancies. Additionally, incorporating Cu
contributes to an increased surface area, while the proximity of a small grain
size near Debye length (LD) enhances the sensor's performance.
Furthermore, utilizing a large pore size facilitates faster response and

recovery times for the sensor.

Chaiyo (2023) [34] investigated and analyzed the electrical
characteristics of SnO, gas-sensing materials synthesized by a heating
process. The (I-V) characteristics of the SnO, nonporous material indicated
the presence of ohmic-contact properties. The findings showed that the
conductivity increased after elevating the operational temperature to 250 °C.
The response of ammonia gas was assessed at varying concentrations,

precisely 70 ppm, 80 ppm, and 90 ppm. The corresponding measurements
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were reported as 61%, 66%, and 71%, respectively. The sensor

demonstrated an acceptable sensitivity towards NHz gas at a concentration
of 10 ppm, and this sensitivity was shown to rise proportionally with higher

gas concentrations.

1.3 Aims of Study
The recent developments in technology and industry lead to further

emission of toxic gases such as H,S and NHj that cause pollution to
domestic environments even in a few tens of ppm, which is a hazard to
human life. Therefore, highly sensitive and selective gas sensor devices by
new preparation methods for practical implementation have been prepared
with enhanced characteristics as follows:
1- Synthesis of sensing devices (rGO, CuO, CuO-rGO, and SnO,/CuO-
rGO) by thermal method and pulsed laser deposition.
2- Studying the structural and morphological characterization of the
prepared nanostructures.
3- Characterization of the synthesized sensors and study their sensing

performance  under reducing gases (H.S and NHs3).
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2.1 Metal Oxides Semiconductors

Metal oxide semiconductors (MOSSs) represent a class of unique materials
due to their electronic charge transport properties when compared to
conventional covalent semiconductors such as silicon (Si). Metal oxide
semiconductors are valence compounds with a high degree of ionic bonding.
Their conduction band minimum (CBM) and valence band maximum
(VBM) mainly consist of the metal (M) ns and oxygen (O) 2p orbital,
respectively. The interaction between the metal and oxide orbitals results in
significant disparity of the charge carrier transport [35]. MOSs
nanostructures have attracted great attention because of their potential
applications as sensors in domestic, industrial, and commercial fields due to
their many essential properties like easy manufacture, low price, and small
size. Due to the high surface-to-volume ratio and strong ability to
adsorption, nano-sized compounds have demonstrated applicability in
various sectors, including gas detection, solar cells, and many electronic

instruments [36].

Metal oxides with semiconducting properties can be categorized as
transition oxides like CuO, titanium dioxide (TiO,), Iron oxide (Fe;0s),
Nickel oxide (NiO), and (GO), and semi-transition oxides such as SnO,,
ZnO, and Indium (I11) oxide (In03) [37]. Metal oxides have wide band
gaps, and typical electronic configurations are excellent candidate to be
utilized as a sensing material in gas sensors due to the ease of producing
electron-hole pairs [19]. Resistive sensors are MOSs that is distinguished by
a high surface-to-bulk ratio. MOS shows reversible variations in

conductivity due to changes in gas concentration, which provide information
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about the composition of the surrounding environment. MOS can be
classified as n-type such as (SnO,, ZnO, TiO,, WO3) and p-type (CuO, NiO,
Cr,03, GO) depending on their behavior of ion absorption [38].

2.Y Tin Oxide (SnOy)

SnO; nanostructure is an inorganic composition and one of the interesting
MOSs. It has promising chemical and physical properties with a 3.6 eV band
gap energy, and the conductivity is due to free electrons, making it an n-type
semiconductor [39]. These unique features are frequently employed in many
applications, such as catalysts, dye-based solar — cells, electrode materials,
and gas sensors in thin film or bulk [40]. SnO, may be in various
morphologies, including spherical, sheets, networks, microspheres, ribbons,
and belts. Small spherical nanoparticles with high crystallinity have a greater
significance than other morphologies due to increase the surface area [41].
SnO; is thermally stable and transparent in the visible range [42]. The
powder of SnO, appears in white and with a density of 6.9 g/cm and a molar
mass of 150.7 g/mol with a high melting point of about 1630 °C. The rutile
structure of SnO, shows a tetragonal unit cell with lattice constants(a = b =
4.7374 A and c = 3.1864 A). The unit cell is made up of two Sn atoms that
are six fold coordinated and four O atoms that are threefold- coordinated
[43]. In general, the conduction-type of semiconductor results from the
formation of defects (impurities or deflection) in the structures. The surface
of a metal oxide may be visualized as a cut crystal, which leads to break the
bonds between atoms and topological defects arise on the surface. Other
states result from alien species on the solid's surface and interaction with the

surrounding gaseous.
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Figure (2.1): Schematic illustration of the rutile - structure of SnO2 [44].

2.3 Copper Oxide (CuO)

Copper oxide (CuQ) is a nontoxic (p-type) semiconductor with band gap
values of about 1.2 eV. CuO has distinct features such as superconductivity,
thermal stability, electrochemical solid behavior, cheap manufacturing cost,
and photovoltaic properties. Furthermore, CuO may be found in various
phases, including cupric oxide (CuQ), cuprous oxide (Cu,Q), and copper
(111) oxide (Cus03). However, CuO and Cu,O phases are more useful in gas
sensors [45]. CuO is characterized by good electrical, optical, magnetical,
and physical properties that make it acquire great attention in many
applications [46]. CuO powder appears in black and is unsolvable in water
with a density of 6.4 g/cm?3, melting point is 1330 °C, and mobility of about
10 cm?/Vs. CuO has a complicated tenorite-monoclinic crystal structure
and has a unit cell with four molecules of CuO connected with different
kinds of neighbor atoms with a lattice constant (a = 4.684,b =
3.41A,c = 5.12 A). Figure (2.2) exhibits a crystal structure of CuO lattice
Specifically, the Cu atom is coordinated by four coplanar O atoms, forming

a parallelogram [32, 47].
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Figure (2.2): CuO Crystal-structure [48].

2.4Graphene Oxide (GO) and Reduced Graphene Oxide (rGO)

Graphene is a two-dimensional arrangement of carbon atoms, forming a
thin sheet of carbon known as an allotrope of graphite. The optimal
arrangement of carbon atoms in graphene exhibits a hexagonal lattice
structure, commonly called a "honeycomb" lattice. This unusual structure
gives rise to several notable qualities, including high charge/hole
mobility ~200,000 cm/vs, a significant concentration of charge carriers, high
thermal conductivity at ambient temperature of ~5000 W/mK, high optical
transmittance, a huge surface area of ~2620 m?/g, and electrical conductivity
even at ambient temperatures [49]. Due to their unique properties, graphene
and related materials are employed in various industries and technologies.
These include solar cells, supercapacitors, adsorbents, photocatalysts, and
sensors [50].

GO can be produced using chemical exfoliation of graphene. Graphene
layers were incorporated into graphite by introducing multiple oxidizing
agents, resulting in their subsequent separation. The formation of active

functional groups, including epoxy, carboxyl, hydroxyl, and carboxylic acid



15

groups containing oxygen, induces a modification in the graphene lattice
structure [51]. In addition to imperfections that make it an insulator due to
its disrupted sp? bonding networks. It can behave as a semiconductor
depending on its oxidation level. It has a specific surface area of ~ 890 m?/g
and low thermal conductivity at ambient temperature compared to graphene.
Graphene delamination lowers the interaction between its layers, resulting in
a larger space between them [23]. A distinction exists between GO and
graphene regarding their respective solubility in water and other solvents.
Graphene has hydrophobic properties, whereas GO demonstrates
hydrophilicity due to its active functional groups [52], which can be
attributed to the increased interlunar distance or reduced interlunar m-n
interactions [53]. The band gaps of GO sheets are expected to be easily
adjusted in a wide range from 0 to 4 eV by altering the arrangement, the
relative ratio of the epoxy and hydroxyl groups, and external tensile strain.

On the other hand, GO possesses excellent optical transparency, and
nonlinear optical features because of its heterogeneous atomic and electronic
structures. One of the most exciting characteristics of GO is its ability to
undergo partial reduction, resulting in the formation of graphene-like sheets
called reduced graphene oxide (rGO). This reduction process involves the
removal of oxygen-containing functional groups, leading to restoring a p-
conjugated structure. The rGO exhibits electrical conductivity and possesses
defect sites, making it beneficial for sensing applications [54]. One
advantage of synthesizing graphene through the reduction of GO is the
ability to manipulate several properties, including high electron mobility,
electrical and thermal conductivity, stability, and high surface area, when
compared to GO, by adjusting the degree of reduction.
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There are three techniques for synthesizing rGO, including thermal
reduction, chemical reduction, and electrochemical generation of rGO.
Chemical reduction and electrochemical manufacture of rGO are two highly
effective techniques for large-scale manufacturing [55]. However, the
thermal reduction method is widely recognized as the most cost-effective
and straightforward approach for synthesizing rGO. Thermal reduction of
GO has been done in several environments, including ambient conditions,
Ar-H, atmospheres, and ultrahigh vacuum settings N, NH3- Ar [56]. Figure
(2.3) illustrates the structure of graphene, GO, and rGO.
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Figure (2.3): Conversion of graphene into GO and rGO [57].
rGO is produced by reducing GO using diverse reduction conditions and

techniques. Researchers have employed numerous chemical and thermal
reduction methodologies to enhance the electrochemical characterization of
GO [58]. Currently, the chemical reduction of GO is achieved using a
different reducing agent, including alcohol, hydrazine, hydroquinone, urea,
hydriodic acid with acetic acid, sodium borohydride, sodium/potassium
hydroxide, vitamin C, BSA, and aluminum/iron powder. Hence, selecting an

appropriate reducing agent for this undertaking holds significant importance.
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On the other hand, the thermal reduction of GO involves two distinct

Processes.

Firstly, an increase in carbon content by removing oxygen-containing
functional groups. Secondly, it leads to the intercalation of carbon layers that
are stacked together. When GO is subjected to abrupt thermal treatment at
sufficiently high temperatures, it exhibits a structural change characterized
by leading to release of oxygen-containing groups in the form of water
These gases generate pressure between the carbon [59]. vapor, CO, and CO,
planes and induce shock, which causes the separation of closely packed
carbon layers, commonly referred to as exfoliation. The thermal reduction of
GO involves heating it in various atmospheres such as ultra-high vacuum,
H,, Ar, and NHs or utilizing different heating sources like laser, microwave,
and flashlight. Chemical and thermal reduction methodologies generally
[23]. Employing chemical techniques makes possess distinct characteristics
it possible to reduce GO in an agueous environment. This reduction process
leads to the formation of rGO, which can be modified with different organic
functional groups or nanostructures. These modifications have the potential
to improve the properties of rGO. While the degree of rGO during thermal
reduction can be controlled by manipulating the time, heating temperature

and gaseous environment [60].
2.5 Synthesis of Nanomaterial

There are two distinct approaches to manufacturing metal oxide
nanoparticles, known as the "Top-down" and "Bottom-up" ways. These
methods are based on experimental results. The top-down approach involves

splitting more giant molecules into smaller, appropriate particles while
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maintaining the original structure [61]. There are several drawbacks associated
with this method, including high costs, defects, poor processing speeds, and
limited suitability for large-scale production. The bottom-up approach involves
constructing a structure by starting with its smallest components, such as
atoms, molecules, and even nanoparticles, and gradually assembling them to
form more complex systems. This approach is characterized by its cost-
effectiveness compared to the top-down method, and improved consistency of
the resulting product. The synthesis of nanostructured metal oxides can be

achieved by chemical or physical processes [19], as shown in figure (2.4).

Synthesis of

Nanoparticles
Physical Chemical
methods methods
N\ )
s Ball milling Solgel a
° Electron-beam Hydrothermal 2
g evaporation Polyol £
) Pulsed-laser Chemical vapor 2
P deposition deposition 3
v Sputtering Microemulsion
J\

Figure (2.4): Schematic representation for the fabrication of nanomaterial.

2.5.1 Chemical Methods

Chemical methods involve several methods such as sol-gel method [62],
chemical vapor deposition (CVD) [63], Solvothermal synthesis [64],
hydrothermal method [65], and etc.
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Hydrothermal is a commonly utilized synthesis process for fabricating
nano-materials across various temperatures. In this experimental method, the
reactants are dissolved in water within a sealed system in a pressurized
container, such as an autoclave, lined with Teflon material. After that, the
reactants experience a heterogeneous reaction under increased pressure. The
temperature within the autoclave can gradually expand beyond the boiling
point Dby increasing the vapor pressure within the chamber. The
hydrothermal synthesis method is frequently used to produce nanospheres,

nanowires, nanosheets, and nanorods [59].

The primary benefit of this technique involves its simplicity, ability to
effectively control the procedure through liquid-phase or multiphase
chemical reactions while maintaining high vapor pressures and minimizing
the loss of nanomaterial, as a single-step synthetic process, and
environmental reliability. This approach's drawbacks involve using costly
equipment, including an autoclave and high temperatures at the limit of 300
°C [66].

2.5.2 Physical Methods

Physical methods are an efficient top-down preparation process for
creating nanoparticles and amorphous materials from bulk materials which
include ball milling [67], electrospinning [68], sputtering [69], pulsed laser
deposition [70], and etc.

Sputtering is thought to be an efficient process for creating nanomaterial
thin films. The sputtering deposition process involves the bombardment of
the target surface by intense gaseous ions, resulting in the physical ejection

of tiny atom groups. These groups' size depends on the energy of the
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Impacting gaseous ions. The sputtering process can be executed using
several methods, including magnetron, radio-frequency, and DC diode
sputtering [71]. Typically, sputtering is conducted within a vacuum
chamber, wherein the sputtering gas is introduced. The cathode target is
subjected to a high voltage, causing the collision between free electrons and
the gas, generating gas ions. The ions with positive charge experience a
significant acceleration within the electric field as they move toward the
cathode target. Upon reaching the target, these ions repeatedly collide with
it, expelling atoms from the target's surface [72]. Benefits of sputtering
include stability of deposition rate, uniform deposition with defect covering,
excellent adhesion to thin films, and deposition can occur on metals, alloys,
compounds, and insulators. Thin films of oxide and nitride can be made
from reactive sputters like O, and N,. The disadvantage of ion beam
sputtering is that it cannot produce a uniform-thickness large-area film.
Additionally, the sputtering mechanism is excessively complicated and

expensive [73].

Laser ablation is a physical techniqgue employed to fabricate
nanostructures by a top-down approach. This technique involves the targeted
emission of pulsed laser beam towards the substrate, resulting in the
formation of nanoparticles by the ablation process. The target surface
absorbs Laser beam energy, resulting in electronic excitations. In addition,
due to the extremely low thermal conductivity of the target, it is difficult to
lose energy in a short period; therefore, photon energy is converted into
chemical and thermal energy. As a consequence, the surface temperature of
the target rises to 3500 °C within just a small volume of the target, leading to

the rapid evaporation, ionization, and decomposition of the target material
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[74]. Various parameters, including pulse duration, wavelength, irradiance,
and repetition rate, influence the interaction between laser and substrate.
This method can produce a variety of nanomaterial, including ceramics,

carbon nanomaterial, metal nanoparticles, and oxide composites [75]

There are numerous reasons for using a PLD, the most important of
which is that a PLD can readily generate the energy necessary for a material
to convert into plasma. Equally important is the laser's operating
wavelength; thin film growth can be done at many wavelengths, although
most thin film growth is done between (200 — 400 nm) laser wavelengths
when considering a laser for PLD. The basic reason for choosing these
wavelengths is that most of the materials utilized for PLD have substantial

absorption in these regions [76].

The main advantages of this technique are the capacity to regulate only
laser energy density and pulse repetition rate during deposition, the ability to
sequentially ablate targets to create multi-layered films of diverse materials,
and the ability to control film thickness to atomic monolayer by number of
pulses. One limitation of PLD is its relatively low average deposition rate,
and costly to apply thin layers of material. Challenges associated with the
equipment setup include its complexity, limited compatibility with different
materials, high energy consumption, lack of uniformity, and sensitivity to

substrate temperature [77].

2.6 Crystallite Structure Determination of Nanomaterial
X-ray diffraction (XRD) is essential for determining material crystallite
structures and phase composition. The incident X-rays directed with

appropriate wavelengths and angles onto crystalline objects and generated
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patterns with highly concentrated peaks of reflected radiation. These peaks
are comparable to the distances between atoms and hence provide an
exceptional tool for investigating this particular length scale. The phase shift
results in either constructive or destructive interferences was indicated by
the 20 deviation. It was suggested that incident X-ray radiation would
generate a Bragg peak by constructive interference of reflections from
different planes. Constructive interference occurs when the phase shift is a
multiple of 2z. This process can be mathematically described using Bragg's
law [78].

nl=2dsiné (2.1)
n = 1,2, 3, ... which represents the refraction order, & = Bragg's angle.

As described by Scherer's formula, the crystalline size (D) of a particle in a
polycrystalline film is measured by the full width of the half maximum peak
(FWHM), B (in radians) [79].

0.94 1

b= B cos @

(2.2)

N

2d Sin ©

Figure (2.5): Basic principle of a typical XRD and Bragg’s low [80].
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2.7 Optical Properties of Semiconductors

The absorption spectrum provides valuable insights into the
characteristics of semiconductor materials, including the nature of
transitions, permittivity, energy gap, and several optical properties. When
light interacts with a semiconductor, it is possible to be absorbed by the
material. The probability of absorption depends on the energy of the photons
(E = hv), where h represents Planck's constant and v represents the
frequency of the incident photons. This absorption occurs when there is an
electronic transition from the valence band to the crystal's conduction band.
This transition begins at the absorption edge, corresponding to the minimum
energy difference between the lowest level of the conduction band and the
highest level of the valence band [80]. If the energy of a photon is greater
than or equal to the Eg, the photon can engage in an interaction with a
valence electron. This interaction results in the elevation of the electron from
the valence band to the conduction band, consequently generating an
electron-hole pair. The maximum wavelength (1) of the incident photon

responsible for generating the electron-hole pair is denoted as follows [81].
Anm = hc/Eg, = 1240/E, (2.3)

The exponential decay of photon flux intensity with distance t within the

semiconductor can be described using the Beer-Lambert equation [82]:
I=1I,e (2.4)

Where: I, and I: the incident and the transmitted photon intensity,
respectively.

a: the absorption coefficient.
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t: the thickness of the material.

The transitions between the valence and conduction bands can be classified

directly and indirectly according to the Tauc equation [22]:
ahv = B(hv — E;)" (2.5)

Where $: a constant inversely proportional to r

3
r=s (allowd direct transition) 5 (forbidden direct transition)

= 2 (allowed indirect transition ), 3 (forbidden indirect transition).

In general, direct transitions involve the transfer of an electron between
initial and final states with the same wave vector value, denoted as 4k = 0,
to conserve momentum. The absorption coefficient associated with this
transition takes values from 10* to 10° cm™1. The direct transition occurs

within both crystalline and polycrystalline semiconductors.

The allowed direct transition occurs when an electron undergoes a direct
transition from the valence band's highest point to the conduction band's
lowest point, with both the starting and final states having wave vectors
equal to zero. Forbidden direct transitions can occur within the same wave

vector state, provided that the wave vector is not equal to zero [83].

Indirect transitions happen when the conduction band's minima and
valence band's maxima are not at the same k value. In such cases, the role of
phonons becomes imperative for the preservation of crystal momentum, so
hv = Eg + Ep, where Ep is the emitted or absorbed phonon energy and a

takes the value between 1 and 10* cm™1. Direct transfers are allowed from
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the valence band's top to the conduction band's bottom. Disallowed indirect
transitions are prohibited from any location other than the top of the valance
band to any point other than the bottom of the conduction band [84]. Figure

(2.6) illustrates the optical transitions.

E A

Conduction Band

‘alence Band

.
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1 » K
0

Figure (2.6): The optical transitions (a) allowed direct, (b) forbidden direct, (c)
allowed indirect, (d) forbidden indirect [85].

2.8 Applications of MOSs

Metal oxide nanoparticles are an important type of nanomaterial that
broadly impact science and technology due to their unique characteristics,
including a high surface-to-volume ratio, a huge surface area, and their
abundance on earth [86]. The applications of MOSs depend on the
distinguishable properties of each oxide; here are some of them:

1- Lithium-ion batteries (LIBs): SnO; has been considered as one of the
most important materials used as an anode for high-implementation
LIBs [87].

2- Photodetector: CuO is an ideal choice for visible-light photodetectors

due to its low band gap of 1.2 eV, availability, and mechanical
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stability resulting from its atomic structure. This makes it both high-
performing and cost-effective [88].

3- Solar cells: SnO, got much attention in this field due to its high
mobility, good conductivity, large optical bandgap, and excellent
transmittance over a wide visible spectrum range [89]. TiO,, ZnO,
and CuO are also greatly used in this field [90].

4- Catalysis: CuQ's reducibility and surface reactivity are vital in
determining its high catalytic performance [91].

5- Biomedical applications: Including treatment and diagnosis. GO and
rGO play a vital role in this application due to their high surface area,
stability, solubility, and excellent biocompatibility [92].

6- Gas sensors: The sensors' performance can be improved by making
the particles as small as possible. The plurality of metal oxides used
In gas sensors are SnO,, CuO, GO, TiO,, ZnO ... [34].

2.9 Gas Sensors

Concerns for a clean and healthy atmosphere in regions ranging from
households to the global level have pushed researchers to develop a broad
spectrum of gas sensors in recent years. Gas detection is imperative to
handle these challenges effectively [93]. The vast majority of gases in the
atmosphere, such as (O,, N,, H,O, CO, CO,, NOy, etc...) are colorless and
odorless. However, it is impossible to differentiate all types of gases based
on bodily organs, many of which are essential to our survival, while
numerous others are detrimental. Vital gases such as O, and H,O should be
preserved at acceptable levels in living environments. In contrast, dangerous
gases such as CO should be kept below a particular level to avoid toxicity.

As far as lighter hydrocarbons and H, are concerned, their evaporation
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following leakage into the air is one of the key concerns addressed by the
employment of gas sensors [94]. A gas sensor is a system that detects the
presence of atmospheric gases. By altering the material's resistance within
the detection device in response to the gas concentration, the sensor
produces a difference in potential that can be used to calculate the output
voltage [95]. These devices are sensitive to a wide range of combustible and
toxic gases, and they have been successfully implemented in numerous
fields, including climate, safety, security, process-monitoring equipment,
and medical equipment [96]. In recent years, there has been a growing trend
in utilizing MOSs with sizes ranging from 1 nm to 100 nm for gas sensing

applications, primarily due to their size-dependent features.

Nanomaterial possesses distinctive characteristics due to their catalytic,
optical, mechanical, magnetic, and electrical capabilities. In addition, these
materials exhibit a high surface area-to-mass ratio. Moreover, novel physical
and chemical characteristics manifest when particles are reduced to the
nanoscale scale [96]. The size and geometry of semiconductor nanoparticles
have been observed to influence the passage of electrons and holes. The
increased demand for the manufacture of nanoparticles for gas sensor
development can be attributed to several factors, including their high
crystalline structure, the ability to incorporate noble metal doping, and their

competitive manufacturing rate [97].

2.10 Mechanism of MOSs Gas Sensor
Semiconductor gas sensors consist of metal oxides and are utilized to
detect the concentration of a specific gas by monitoring the electrical

resistance of the electronic device. These changes in conductivity can be
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measured with the electrodes [98]. The sensing mechanism of MOS
comprises two essential functions: receptor and transducer parts. The
receptor function transfers chemical information from target gas molecules
and sensitive layer surfaces into energy that the transducer transforms into
electrical parameters, specifically resistance, and capacitance in the form of
voltage or current, that may be measured in terms of its magnitude,
frequency, and phase. [5]. MOSs can be categorized into n-type and p-type
semiconductors according to the behavior of oxygen ionosorption [36, 86].
In an n-type, the material exhibits excess free electrons compared to the
number of holes present. The designation of these materials as n-type arises
from the fact that electrons possess a negative charge. In a material with p-
type, the dominant charge carriers are holes. The term "p-type" denotes a
material or semiconductor in which most charge carriers are positively

charged holes [6].

The process of oxygen adsorption on the surface of the n-type metal
oxide results in the formation of a depletion layer in the surrounding air.
This process leads to a rise in the resistance of the sensor. In the presence of
gas, it is expected that a reaction will occur either with the oxygen that has
been pre-adsorbed or with the metal oxide, resulting in a modification in the
thickness of the depletion layer. The thickness of the depletion layer is
commonly referred to as the Debye length (Ap), and any alterations in its
dimensions impact the sensor's conductivity [37]. Figure (2.8) shows the

mechanism of the MOS gas sensor.
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Figure (2.7): Mechanism of MOS gas sensor.

At 100 °C or higher, the adsorption of oxygen on the surface results in the
formation of molecular species (ions) through the capture of an electron
from the conduction band of the active layer at the surface. This interaction

is expressed by the following equations [99]:

0,(gas) - 0, (ads) (2.1)
0,(ads) + e~ —» 0, (ads) (2.2)
0, (ads) + e~ - 2 0~ (ads) (2.3)
0~ (ads) + e~ - 0% (ads) (2.4)

In the case of a p-type semiconductor, the enhanced conductivity is
attributed to an excessive carrier concentration. The sensors' responses to the
exposure to the target gases were analyzed using the electron-depletion-
layer/hole-accumulation-layer theory [100]. Upon being exposed to
reductive gases, including (H.S, H,, CH4, NH3, C,HsOH, CO, and acetone),

n-type semiconductors undergo a surface interaction between negative
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oxygen species and the reductive gases, resulting in the return of electrons

back to the depleted oxides which cause an increase in the conductivity.

While for oxidizing gases such as (Cl;, NOy, and SOy), it can enhance
resistance by increasing electron depletion. In a p-type semiconductor, most
of the charge carriers are positive holes. This means that the opposite effects
are seen with the material: it becomes more conductive when an oxidizing
gas is present by increasing the number of positive holes, and it becomes
more resistant when a reducing gas is present by decreasing the

concentration of holes' charge carriers [85].

{(a) n-type oxide
semiconductors

(b) p-type oxide
soemiconductors

Figure (2.8): Formation of electronic core — shell structures in (a) n-type, (b) p-type

oxide semiconductors [101].

The material's grain and particle boundary size directly influence the
sensitivity and response time. Oxygen on the surface of metal oxide can be
adsorbed, leading to the extraction of electrons from the material.
Consequently, this phenomenon induces a modification in the resistivity.
The resistivity of the p-type material exhibits a drop compared to the bulk
material, while the resistivity of the n-type material demonstrates an

increase. In the case of tiny grain sizes, it is possible to regard the grain as



31
Chapter Two Theoretical Part

having negligible bulk area, attributing the entire grain to the surface area.
Alternatively, when the size of the grains is sufficiently enormous to have
little impact on resistance or conductivity, it is possible to see the surface as
possessing a consistent resistance. This model is anticipated to apply to n-

type and p-type sensors [102].

The following table summarizes how the gas type affects the sensor's

resistance.

Table (2.1): Gas type effect on the sensor’s resistance for (p-type) and (n-type)

materials.
Type of gas Semiconductor - type Resistance
Reducing - gas n-type decrease
p-type increase
Oxidizing - gas n-type increase
p-type decrease

2.11 Sensor Performance toward Reducing Gases

2.11.1 Hydrogen Sulfide (H2S) Gas

H.S is a toxic, colorless, flammable and hazardous gas with a pungent
odor reminiscent of decaying eggs. This scent can be produced by sewage,
hot springs, food processing, and more than 70 industries, including metal
extraction, coal processing, and natural gas creation. The American
Conference of Government Industrial Hygienists has determined the
threshold limit value of H,S gas at 10 ppm. H,S is a gas that contaminates
the air and harms human health, even at low levels 10 ppm. The

concentrations that humans can smell in the air are between (0.0005 and 0.3
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ppm). Concentrations above 20 ppm can irritate the upper respiratory tract
[103] .

Additionally, H,S is a crucial diagnostic marker for problems like
diabetes, liver cirrhosis, irritation of the eyes, and asthma, even when present
at ppb concentrations [29]. Therefore, there is a need for an H,S gas sensor
that can provide a rapid and highly sensitive response [24]. Reducing gases-
such as H,S, interact with desorbing oxygen ions on the metal's surface to
release electrons as they flow through the metal oxide's surface, which
enhances the conductivity and results in the creation of sulfur dioxide (SO,)
according to eq. (2.5) [104].

2H,S + 30, (ads)™ — 2H,0 + 250, + 3 e~ (2.5)

Metal oxides exhibit significant chemical species detection capabilities.
This method has an important drawback: the unspecific interaction of the
MOX surface with the surrounding atmosphere results in redox reactions
involving electrical resistance modulation. Integrating MOS heterostructure
in sensors is a viable option for improving sensitivity and selectivity.
CuO/SnO, heterostructure excelled in H,S detection [24]. The reaction
between CuO and H,S does not adhere to a typical redox process but instead
involves a thermally activated exchange of anions to produce CuS. The
reversibility of this change occurs in an atmosphere abundant in oxygen, and
it can be briefly explained by:

H,S + Cu0 - H,0 + CuS (2.6)

CuS +20, - Cu0 + SO, (2.7)
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CuO acts as a p-type semiconductor, while SnO, acts as an n-type
semiconductor. When these two semiconductors are brought together to
form a p-n junction, a depletion zone is created between them. The
properties of this depletion zone are determined by the relative positions of
the Fermi levels of the two semiconductors. Modifying the structure and
content of the metal oxides leads to changes in the Fermi level and the
depletion zone. Consequently, the electrical characteristics of the entire
heterostructure undergo significant alteration. When exposed to H,S, CuO
undergoes a process called sulphuration, resulting in the formation of a
molecule called CuxO.Sy. Eventually, this compound transforms into CusS,
which exhibits metallic properties (eq. (2.6)). Under these circumstances, the
heterostructure transforms from a conventional p-n junction to a metal-
semiconductor interface. The impact of this phenomenon on the sensors'
electrical properties can be greater than that induced by conventional redox
surface reactions in MOSs [27]. Simultaneously, the CuO and H,S gas
reaction enhances the sensor's selectivity performance by creating significant

oxygen vacancies to uphold charge neutrality.

Nevertheless, CuO-doped SnO, typically occurs at elevated temperatures
higher than 180 °C, resulting in raised power consumption of the sensor.
Two-dimensional carbon materials known as rGO have demonstrated their
effectiveness in enhancing the performance of MOS gas sensing devices at
low temperatures. This is because of its significant surface-to-volume ratio,
high charge carrier mobility, the presence of active defect sites, and its
ability to detect the adsorption and desorption of single molecules.
Moreover, the chemical modification using metal and MOS nanoparticles
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enables the effortless identification of numerous analyses at low

concentration levels [33].

2.11.2 Ammonia (NHs) Gas

NHs, a toxic gas, is generated in numerous industrial processes and
through the natural decomposition of organic waste. NH3 is a commonly
utilized industrial refrigeration gas in food and beverage. NHs;, a favored
refrigerant, offers high efficiency and stability at low cost. Although
beneficial, these benefits come with health dangers such as skin, eye, throat,
and lung irritation, damage, and worker safety concerns. Continuous
exposure to 35 ppm NH; poses a significant risk to human health. Ingesting
ammonia can result in corrosive damage to the oral cavity, esophagus, and
gastrointestinal tract. Direct contact with very concentrated ammonia might
result in skin or eye irritation and burns [105]. Due to its role as a reducing
gas, ammonia exhibits a change in resistance when it passes over the surface
of the MOS sensor, depending on whether it is p-type or n-type. The reaction

clearly characterizes the mechanism for gas detection in MOS's - NH3 [102].
4NH; + 50, = 6H,0 + 4NO +5e” (2.8)

According to the theoretical and simulation studies, NHj3 is inherently a
weak charge transfer molecule compared to other gases. During interaction
with a p-type oxide, such as CuO or rGO, as a reducing agent, NH3 donates
a lone electron pair to p-type, leading to the decrease of charge carrier
density in the conduction - band and increasing the resistance of the devices
[106]. The addition of rGO-CuO led to an improvement in the sensing
response. This can be attributed to the increased adsorption sites (dangling
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bonds) caused by surface imperfections and the larger surface area. When
rGO and CuO come into contact, electrons are transported from rGO to CuO
due to their different work functions (5.3 eV for CuO and 4.7 eV for rGO),
causing a band bending at the interface. rGO influences the electron density

of CuO, which increases sensor resistance when exposed to NH3 [107].

In the case of n-type like SnO,, in air, the SnO; sensor has high initial
resistance because oxygen at its surface captures almost free electrons. Thus,
the SnO, nonporous surface has low free electron concentration.
Additionally, oxygen atoms become ions. Thus, the space charge region
width increased. As the reaction equation (2.9-2.12) demonstrated, oxygen
ions reacted with ammonia gas on the SnO, nonporous surface, narrowing
the space charge region width. The SnO; resistance dropped after this
reaction released free electrons from the previous reaction onto its surface
[34].

0,(gas) = 0, (ads) (2.9)

0, (ads) + e~ — 05 (ads) (2.10)
0, (ads) + e~ = 205 (ads) (2.11)
05 (ads) + e~ - 05~ (ads) (2.12)
2NH; + 305 (ads) - 3H,0 + N, +3e” (2.13)
2NH; + 305 (ads) = 3H,0 + N,0 +4 e~ (2.14)

2NH; + 505 (ads) > 3H,0 + 2NO + 5 e~ (2.15)
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2.12 MOSs Heterojunctions

Irrespective of the specific gas sensor material employed, achieving
optimal performance across all parameters presents a challenge.
Heterojunctions can be constructed by integrating multiple MOS materials,
resulting in the acquisition of complementary benefits and enhancement of
gas sensing capabilities. Implementing this particular technique can enhance
the response by heightened catalytic activity, the establishment of electron
depletion layers, increased adsorption sites, and alterations in the band
structure resulting from heterojunctions. Heterojunctions can be categorized
into p-n junctions, n-n junctions, and p—p junctions based on the

combination of metal-oxide-semiconductors (MOSs) involved [38].

2.12.1 An Isotype Heterojunctions (p-n/ n-p)

An isotype heterojunctions refers to a composite structure comprising two
semiconductors. In this structure, a secondary phase p-type semiconductor is
joined with a primary phase n-type semiconductor to form a hetero-junction
of p-n type. Alternatively, the combination can be arranged to make a
hetero-junction of n-p type. Electrons migrate from regions of higher energy
to those of lower energy. In contrast, holes, in turn, migrate in the opposite
direction until a state of equilibrium is attained, as dictated by the difference
in Fermi energy levels, which leads to band bending [108]. This energy shift
can alter the p- and n-side energy structures, making them more sensitive. A
depletion layer is formed between two semiconductors due to the electric
field caused by the polarity mismatch between the n and p regions. As a

result of the rising potential, charge carriers can move across the junction.
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Therefore, resistance will grow in this area. Due to the bending of both sides
of the energy level, a potential barrier and a space charge zone are formed
when the Fermi level in an n-type region is higher than in a p-type region
[109]. Jin et al. [110] developed a gas sensor for acetylene (C,H,) using a
heterojunction of rGO-loaded SnO, synthesized using a hydrothermal
process. The synthetic materials were tested to sense gases at temperatures
ranging from (100 to 300 °C) and with different concentrations of C,H; gas.
This sensor showed a better response of 12.4 to 50 ppm gas at 180 °C. It was
found that adding rGO would improve the ability of metal oxide-based gas
sensors to detect C,H, because of the formation of a p-n junction between

two oxides.

2.12.2 Isotype Homojunctions (n-n and p-p)

Isotype transition is a homojunction between two similar semiconductors
(n - nor p - p) with different work functions. The transfer of charge carriers,
whether electrons or holes, occurs towards the Fermi level with the lowest
energy. This process creates a depletion layer (or an accumulation layer)
consisting of either electrons or holes. The principle of n-n homojunction is
that making the carrier accumulation area facilitates oxygen adsorption onto
the surface and grows the carrier depletion region. Consequently, the initial
resistance rises, thereby enabling the detection of reducing gas [111].
Several studies have demonstrated enhanced gas detection capabilities
utilizing (n-n) homo-junctions. Naik et al. [112] introduced a sensor array
composed of ZnO and SnO,. The experimental procedure recorded a
response of 109 for both acetone and ethanol gases when subjected to a

temperature of 300 °C. In the case of a p-p homo-junctions, a hole



38

accumulation layer and a hole depletion layer combine at the interface of
two junctions. Adsorbed oxygen ions inject holes into the barrier layer. As a
result, the thickness of the barrier layer decreases, resulting in a drop in
resistance [113]. Yin et al. [114] employed a microwave-assisted
methodology to synthesize nanoparticles of CuO-rGO. Upon exposure to a
concentration of 10 ppm of H,S gas at 100 °C, the sensor exhibited a
response of around 68.5. The potential augmentation of sensor response can
be attributed to a p-p heterojunction between two materials. The distinct
work functionalities exhibited by the two oxides lead to the movement of
holes towards CuO, where they recombined with electrons released by the
H,S vapor. This procedure continues until the Fermi level achieves a state of
equilibrium. Consequently, a decrease in the concentration of holes occurs,

leading to an increase in resistance.

2.13 Characterization of Gas Sensor

2.13.1 Sensitivity
Sensitivity refers to the capacity of a device to measure changes in a
physical and chemical attribute of the sensing material when exposed to a

specific concentration of gas. Different formulas can express the sensitivity:

For reducing gases: S = %‘; (2.6)
For oxidizing gases: S = %i (2.7)
Or: For reducing gases: S (%) = [Ra- Ry * 100% (2.8)
For oxidizing gases: S (%) = [Ry- Rl , 100% (2.9)

a
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Where R, and R, are the resistance in air and the target gas, respectively
[37]. The porosity of the sensitive material, the working temperature, the
presence of dopants, and the crystallite size all significantly impact the gas
sensors' sensitivity. Since most of the sensing processes happen on the
surface of the sensitive material, one of the first things that need to be done
to make the sensor more sensitive is to control the particle size of
semiconductor materials. Nanocrystallites materials have the strongest
sensor signals because they have a large specific surface area, resulting in an

increased adsorption process [85].

2.13.2 Selectivity

The semiconductor layer's selectivity refers to its ability to differentiate
between various target gases or a single gas within a gas mixture. Gas sensor
selectivity can be enhanced by applying annealing as a post-processing step
or by modifying the surface by doping oxides to other metal oxides or
doping with different catalytic additions to improve the adsorption

capabilities towards the desired target gases [115].

2.13.3 Stability

Stability is the sensor's ability to sustain its sensitivity and response
behavior over time. According to the application, the time could range from
hours to years. Stability can be represented in terms of sensor response drift.
The environmental variables and measurement conditions must be
comparable for good stability values. Sensor stability can be classified as
either active or passive. The term "active stability" or "reproducibility”

refers to sensor properties over a specific period under operating settings that
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may include high temperatures and the presence of a known analytic.
Passive stability is associated with keeping sensitivity and selectivity
following regular storage conditions, such as room temperature and ambient
humidity [36].

2.13.4 Response and Recovery Time

The response time refers to the duration required for the sensor to
respond to a sudden alteration in the gas concentration. The sensor
response(tq,) time is the duration required for the sensor to attain 90% of its
maximum reading after exposure to a specific gas concentration
corresponding to its maximum sensitivity. The recovery time refers to the
duration required for the signal to revert to its original value following a zero
decrease in the target gas concentration [98]. The response and recovery

times can be shortened by doping metal oxides with metals like Pd and Ag
[ 117].
2.13.5 Detection Limit

The detection limit is the lowest possible gas concentration that a sensor
element can detect. The resolution of a device is equal to the difference in
concentration that must be of the most insufficient magnitude for it to be
seen by a sensor. The sensitivity and the noise levels of a sensor's response
determine its detection limit. In gas sensors, it is commonly believed that a
response signal three times larger than the noise level represents the limit of
detection [5].
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Figure (2.9): The response curve of the MOS gas sensor [85].

2.13.6 Operation Temperature

It is widely acknowledged that the chemical and physical properties of
MOSs are significantly influenced by the temperature at which they are
operated. Regarding chemo-resistive gas sensors, the operational
temperature plays a crucial role in governing the reaction Kinetics,
conductivity, and electron mobility. Typically, conventional MOS gas
sensors are commonly operated above the room temperature range of (200-
500 °C). The values vary according to the type of material and gas that will
be detected. This is mainly attributed to the necessity of thermal energy to
facilitate surface redox reactions and exceed the activation energy barrier
[6]. High operating temperatures can cause energy waste and safety risks
when exposed to explosive and combustible gases, limiting the applications
of MOS gas sensors due to their high sensitivity. The high- operation
temperature also causes sensor signal drift, leading to inaccurate readings.
Thus, MOS gas sensor development focuses on reducing operating

temperature while maintaining sensitivity [116].
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3.1 Introduction

This chapter describes the experimental procedures of preparation of
metal oxide semiconductors and setup of gas sensor devices. The chemical
materials which used in our work are reported in table (3.1). Figure (3.1)

illustrates a schematic representation of the practical work approach.

Table (3.1): Chemical materials.

Graphene oxide GO 124.91 99% BDH
Cupric nitrate Chemicals
] Cu (N03)2.3H20 241.6 99%
trihydrate Ltd Poole
Tin oxide Sno; 150.71 99% England,
ALPHA
Sodium hydroxide NaOH 39.997 99% CHEMIKA in
INDIA

3.2 Preparation of rGO

GO powder was reduced thermally by the hydrothermal method: 2 grams
of GO powder were dissolved in 100 mL of deionized water and sonicated
for 30 minutes until the powder was completely dissolved in the water. After
30 minutes of stirring, the solution was transferred to a 100 mL sealed
autoclave and heated in an oven to 100 °C for four hours. Following five
washes with ethanol and distilled water, the product was dried in a furnace at

100 °C for one hour. The reaction occurs according to the equation:
GO - rGO + COT+CO,T+H,01 (3.1)

This procedure was repeated at 200 °C to investigate the temperature at
which GO was reduced to rGO.
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Experimental work and procedure
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Figure (3.1): Schematic representation of the experimental work.
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3.3 Preparation of CuO

To synthesize CuO powder using the hydrothermal process, a mass of 2
grams of Cu (NOs3),.3H,0O powder was dissolved in 100 mL of deionized
water, and the resulting solution was subjected to sonication for 30 minutes.
The solution color turns blue. Following this, a carefully prepared solution
of sodium hydroxide (NaOH) with a concentration of 1 M was gradually
added to the system under continuous stirring for 30 minutes. The pH value
of the composites was observed to be 10, indicating an alkaline
characteristic. The solution has undergone thermal treatment in a 100 mL
autoclave and exposed to a temperature of 100 °C for 4 hours. The final
product was subjected to a sequence of five washes using ethanol and
distilled water until it reached pH 7, followed by a further drying procedure

at 100 °C for one hour. This reaction can be described as the following

equations:
Cu(NO3), + 2NaOH - Cu(OH), + 2 NO;Na (3.2)
Cu(OH), —» CuO + H,O0 (3.3)

This procedure was repeated at 200 °C to investigate the effect of

temperature on the formation of CuO.

3.4 Preparation of CuO- rGO Nanocomposites

The synthesis of CuO- rGO was accomplished by a single-step
hydrothermal method. Initially, 0.5 grams of GO powder was subjected to
ultrasonic dispersion in 100 mL of deionized water for 30 minutes, forming
a uniform brown-colored solution. Subsequently, 2 grams of Cu
(NO3)2.3H,0 was introduced into the acquired dispersion, stirring for 15

minutes. Subsequently, a solution of NaOH (1 M) was gradually introduced
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into the mixture while maintaining constant stirring for an additional

duration of 30 minutes. The pH value of the composites was determined and
recorded as 9. Subsequently, the resultant mixture was transferred into a
sealed autoclave with a volume of 100 mL and subjected to thermal
treatment in an oven set at a temperature of 100 °C for 4 hours. The
composite material was subjected to five washes using ethanol and
deionized water until it achieved a pH of 7. The final product was dried in
the furnace at 100 °C for one hour. The schematic representation of the
fabrication process is depicted in figure (3.2). Different amounts of GO (1
gram, 2 grams) were employed to clarify its impact on the nanocomposites.
This procedure was repeated at 200 °C to investigate the effect of

temperature on the nanocomposites.

Cu soluton N \

B |->“ r+
S,

GO CuO wash usmg cthanol and
desonized water § tuncs

Figure (3.2): Schematic diagram of the preparation process of rGO/CuO.

3.5 Preparation of Substrates
The selection of glass as a substrate was based on its transparency of light
and low cost. The glass substrate was cut to 2.5 cm X 2.5 cm. The substrates

underwent a cleaning process involving immersion in a detergent solution,
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distilled water, and alcohol, then sonication for 30 minutes. The substrates

were washed with distilled water and dried on a hot plate for 10 minutes.

3.6 Deposition of rGO, CuO, CuO-rGO on Glass Substrates
Figure (3.3) shows the dip coating technique that has been chosen for the
deposition of thin metal oxide films due to its simplicity and cost-
effectiveness, ranging from a few nanometers to a micrometer. It can
produce a homogeneous film with a large area, high crystallinity, excellent

thickness, and phase purity at surrounding deposition conditions.

Following the preparation of the substrate, 100 mL was taken from each
sample and subjected to sonication for 30 minutes to achieve a uniform
solution. This methodology involves a series of sequential steps. Initially,
the glass substrates were immersed in a 100 mL beaker containing solutions
with an average rate of 0.11 mm/s. The subsequent procedure involved
maintaining the substrate within the beaker for 5 minutes. The third step
involved pulling the sample at the same speed. The final step entails
subjecting the sample to a drying process at a temperature of 90 °C on a hot
plate for 10 minutes. This procedure facilitates the evaporation of the solvent
and achieves the desired outcome of an ultra-thin layer. This process is
iterated five times for each sample to acquire a uniform thin layer. The
deposited films undergo annealing in an electric furnace at 400 °C for two

hours.
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Figure (3.4): Electric furnace [117].

3.7 Compression of SnO, Powder

Compression procedures were carried out utilizing a device designed

specifically for this objective. The tool employed in this investigation is a

steel cylindrical mold with an internal diameter of 20 mm, as illustrated in

figure (3.5). Following the insertion of 3 grams of SnO, material into the

mold, it was compressed at a rate of 10 tons for 10 minutes to produce a disc

of 20 mm in diameter and 3 mm in thickness; this disc will be utilized as a

PLD target after annealing it to 1000 °C for two hours.
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Figure (3.5): The piston of powder compression: (a) piston, (b) mold, (c) powder
pellets.

3.8 Deposition of SnO2 by PLD

The experimental technique employed for this work was PLD, which
involved the utilization of a Q-switched pulsed (Nd: YAG) laser Second
Harmonic Generation (SHG) as shown in Figure (3.6). The laser operates at
a repetition rate of 6 Hz and emits laser pulses with duration of 10 ns at a
wavelength of 1064 nm. The PLD setup includes a laser, a chamber of
reaction, a vacuum pump, a target (SnO,), and a substrate. The primary
vacuum chamber is a stainless - steel chamber with a diameter of YO cm. It is
highly evacuated, with a pressure of 10 mbar. The chamber is securely
attached to an HSS-stainless steel flange, which has a groove with an O-ring
for vacuum sealing. Additionally, there is a feed-through in the base of the
flange for electrical connections. These connections allow controlling of the
motor rotation and the substrate heater and are connected to an external
power supply. The target was placed parallel to the substrate, and the pump
evacuated the chamber into a vacuum. The target was mounted on a rotating

target holder to provide uniform ablation with minimum change in the target
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surface geometry. At the same time, the substrate was held stationary on a

substrate holder. The distance between the substrate and the target was fixed
at 3.5cm. The target was exposed to laser radiation at a 45° angle of
incidence using a laser beam operating under vacuum conditions of 103
mbar. When the laser beams hit the target, the temperature rises until it
reaches a state of ionization (the plasma state). At this point, the atoms move
from the surface of the target to the substrate, and we get a thin coating with
strong adherence. The laser flounce was 2.8 J/cm?, and the number of pulses

was 120 for all samples.

Figure (3.6): Pulsed laser deposition system.

3.9 Samples Characterization

3.9.1 Energy Dispersive X-Ray Spectroscopy (EDX)

An indispensable tool for ascertaining the elemental composition of a
particular surface area on which a stationary electron beam is concentrated is
EDX. This method is frequently combined with SEM, which measures the

elemental composition of the samples which observed by energy dispersive
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X-ray spectroscopy. The elemental composition was done using EBSD
Instrument: FESEM- Imaging-EDS-Mapping-Line-EBSD/Germany and all

the samples under testing were in powdered form.

3.9.2 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectroscopy analysis was conducted using FTIR — 8400S
(Shimadzu), which studied harmonic vibrations using the mid-infrared area
between the frequency range of 400 to 4000 cm 1. The samples were
prepared using the potassium bromide (KBr) procedure, in which the
samples were ground into a powder and mixed with KBr powder. Crushing
KBr is crucial to prevent light dispersion caused by the substantial
dimensions of the KBr crystals. Subsequently, the mixture was crushed
using a mechanical die press to shape a pellet with a translucent appearance.
A sample holder was used to secure the pellet, allowing the IR laser to flow

through it.

FTIR is a non-destructive technique for determining the specific effective
groups in organic and inorganic materials such as polymers and metal
oxides. The sample is analyzed using an infrared beam that passes through
it, and the absorption of radiation is calculated as a function of frequency.
The wavelength at which the specimen absorbs infrared radiation is shown
in the FTIR spectrum. This permits the effective groups, chemical bonding,
molecular structure, and chemicals in the sample to be identified. The
prepared samples were examined at the University of Kerbala, College of

Science.
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3.9.3 X-Ray Diffraction (XRD)

XRD, SHEMADZU / Japan, was utilized for characterizations the
structural properties of the thin films. XRD is an essential technique to
analyze the phases and crystalline structures of various materials. It is
possible to determine the Miller index, position of diffraction peak, and
relative intensity of unidentified substances by comparing diffraction data
and the diffraction pattern provided by the Joint Committee on Powder
Diffraction Standard (JCPDS). The X-ray diffractions were performed with
a Philips X-ray diffractometer system, which measures intensity as a
function of Bragg's angle. The radiation source is Cu Ko with a wavelength
of (1.5406 A), a current of (30 mA), and a voltage of (40 KV). The scanning
angle was adjusted in the range of (10 - 80) degrees at a scanning rate of 4-

degree/min rate.

3.9.4 Field Emission Scanning Electron Microscope (FESEM)

The FESEM is a versatile tool that may be employed for high-resolution
and magnification imaging of many materials, enabling the analysis of
sample structure and the surface topography and morphology, which uses
electrons instead of light to compose images. A high-energy electron beam
originates from the electron gun in a vacuum column positioned above the
sample's surface. When the electron beam is directed toward the target
surface, the interaction between the low-angle backscattered electrons and
the surface atoms generates diverse electronic signals. For chemical
composition determination and elemental analysis and mapping, EBSD
Instrument: FESEM- Imaging-EDS-Mapping-Line-EBSD/Germany was

used to examine the prepared samples.
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3.9.5 Transmission Electron Microscopy (TEM)

TEM is a microscopy technique that uses high-energy electrons to pass
through specimens, providing detailed information about the morphology,
composition, and crystallography of the samples. TEM is a vital tool for
confirming the production of nanocomposites. This microscopy operates on
the same fundamental premise as light microscopy, with the main difference
being the use of electrons instead of photons, resulting in the generation of
shorter wavelengths. TEM Instrument ZEISS LEO 912 AB/Germany was

utilized to examine samples in this work.

3.9.6 Brunauer-Emmett-Teller (BET)

The establishment of a surface area analysis method was based on the
BET theory, named after Stephen Brunauer, Paul Hugh Emmett, and Edward
Teller. These researchers expanded upon Langmuir's theory by applying it to
a multilayer of absorbed gases. They assumed that the absorbed gas layers
do not interact with one another. This particular technique is employed for
approximating surface areas. The BET theory works for systems with
multilayer adsorption and usually uses inert gases that don't react chemically
with material surfaces to measure the area of a particular surface. Nitrogen is
the gaseous adsorbate that used for BET surface testing. This work conducts
BET analysis at 77 K, corresponding to nitrogen's boiling point (N,) using
BET/BJH Micromeritics MicroActive for TriStar Il Plus Microtrac Bel Cor
BEISORP Min.

3.9.7 Atomic Force Microscope (AFM)
AFM, an early iteration of scanning probes, was pivotal in advancing

nanotechnology. It was employed to investigate the morphological
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characteristics of the thin film being deposited. A typical atomic force
microscope comprises a microfabricated cantilever with a sharp tip that
features on the surface of a sample that can bend. A laser beam hits the back
of the cantilever. It bounces back into a set of Photodetector, enabling the
measurement of the deflection of the cantilever and then turning that
information into a picture of the surface. The image was analyzed with
software to determine the grain size and surface roughness. The data
collection for this study was conducted using AFM/ SPM DualScopeTM
DS/Germany with N, gas at 77 K.

3.9.8 Film Thickness Measurements

The film thickness and topography were determined by atomic force
microscopy (AFM), which measured and scanned its surface with a tiny
probe. The scratch-and-scan approach involves using a hard tool, such as a
needle or scalpel, to remove the thin film layer until the underlying substrate
Is exposed. Then, a thorough scan of the scratch should be conducted. The
scanned image might be utilized to determine the thickness of the thin film
through a cross-sectional profile. It is imperative to ensure that the thin film
is entirely removed through scratching while also ensuring that the substrate

underlying the thin film remains unscratched.

3.9.9 Thermogravimetric Analysis (TGA)

The TGA technology is employed to assess the alterations in the mass of
specimens in correlation with variations in their temperatures. This method
facilitates the determination of the degradation temperature of the materials

and the breakdown point of any solvent residues that may be present within
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the samples. The TGA measurements were combined with DTA to facilitate
the identification of any phase transitions that may occur in the material
during the heating process. This study investigates the thermal stability of
the nanocomposites in a nitrogen atmosphere, with a temperature range (25
— 800 °C) with an increase of 50 °C min~! by TGA/DTA/DTG Mettler-
Toledo USA.

3.9.10 Ultraviolet-Visible Spectroscopy (UV)

The UV-visible absorption spectrum of all samples was recorded for the
range of (190-1200 nm) by Shimadzu-UV-VIS Spectra-photometer UV-
1900i in Kerbala University, College of Science, Department of Physics.

3.11 Gas sensor

3.11.1 Interdigitated Electrodes (IDE) Deposition

Sensor fabrication involves a specific mask made of a stainless-steel plate
with a thickness of 0.5 mm, which must be placed on the top of the film's
surface. A pair of electrodes made of gold in the shape of fringes, was
deposited on the top of a thin film by the sputtering deposition method using
the mask. PVD is ion plating, which involves extracting ions using plasma to
create an ion beam. In a conventional ion beam deposition system, gold ions
are generated through plasma sputtering of a cathode onto the surface of the
substrate to be coated using an ion source. Samples of glass containing the
film were placed on the base, where the target was the gold material inside
the chamber designated for deposition. Each electrode has 10 fringes with a
spacing of 200 um. The width of the fringes was 350 um. Figure (3.7)
illustrates the sputtering system and IDE.
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Figure (3.7): (a) Sputtering system, (b) mask dimensions.

3.11.2 Gas Sensor System Design

Figure (3.8) illustrates the gas sensor system which includes three parts:

e The gas chamber to be examined has a sensing film and is constructed
from a cylindrical stainless-steel chamber with a diameter of 20 cm
and a height of 20 cm. The total volume of the chamber is 6.28 liter.
The chamber is evacuated using a rotary pump. The device is
equipped with an inlet to facilitate the input of the tested gas and an
air admittance valve to enable ambient air entry following evacuation.
The establishment of electrical connections to the heater,
thermocouple, and sensor electrodes is facilitated by a multi-pin feed
through located at the base of the chamber. The working temperature
of the sensor was regulated by utilizing a heater-controlled
thermocouple located within the chamber. The sensor heaters were
connected to an external power supply, allowing accurate temperature
setting and control.

e An injection system comprises mass flow controllers, pressure

regulators, and a timer. This system controls the gas flow inside the
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chamber using an electric valve. The chamber is connected to the
carrier gas using Teflon tubing.

The measurement system enables monitoring of the sensor's electrical
resistance during gas exposure. The work involved utilizing a digital
millimeter, a power supply, and a personal computer. The purpose was to
evaluate the changes in sensor resistance resulting from exposure to a
mixture of nitrogen and target gas facilitated by flow meters. The electrical
measurements are acquired using a printed circuit board and positioned
below the chamber. Figure (3.9) illustrates a schematic diagram for the gas

sensor system.

3.11.3 Procedure of Gas Sensing Measurement Testing
1. The test chamber is opened, and the sensor is set on the heater. The
electrical connections between the pin feed through, sensor spring-loaded

pins, and thermocouple are done. Then, the chamber has been closed.

2. The rotary pump then turns on to evacuate the test chamber to around 1
x101 bar. A temperature controller is used to set the sensor's desired

operating temperature.

3. Set the carrier gas (air or analytic gas) flow rate utilizing the mass flow

controllers.

4. Subsequently, the gas with a predetermined concentration in the mixing
chamber is introduced into the test chamber by turning on the two-way

valve.

5. The resistance fluctuation of the sensor in a known concentration of test

gas with the air mixing ratio is measured using two flow meters.
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6. Following the reading, the mass flow rate was deactivated in order to

restore the sensor's current to its original value, R.

7. These measurements are performed for the additional temperatures.
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Figure (3.9): Schematic diagram for gas sensor system.
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4.1 Introduction

This chapter will show the comprehensive experimental results and
sensing performance characteristics of thin films made from rGO, CuO, and
SnO,/ CuO-rGO nanoparticles when exposed to NH; and H,S gases. The
effect of optimization of preparation temperature on the morphology,
structure, and optical characteristics will be presented. An investigation will
be carried out on key aspects of sensor properties. The factors to consider
are sensitivity, response and recovery time, and the optimal working
temperature. Table (4.1) shows all prepared samples with different amount

of GO and preparation temperatures.

Table (4.1) Samples prepared hydrothermally with different parameters.

Molecular formula Sample Temperature (°C) Time of preparation(hour)
rGO pure rGOu100
(0.25:1) rGO: CuO S1
(0.5:1) rGO: CuO S2 100
(1:1) rGO: CuO S3
CuO pure CuO100 4
rGO pure rGO200
(0.25:1) rGO: CuO S4
(0.5:1) rGO: CuO S5 200
(1:1) rGO: CuO S6
CuO pure CuO200
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4.2 Energy Dispersive X-Ray Spectroscopy Analysis

4.2.1 GO and rGO Samples

EDX analysis was conducted to confirm the basic structure of the
synthetic composites generated using the hydrothermal process. Figure
(4.24) displayed the EDX spectra of GO and rGO samples. The GO sample
results, shown in figure (4.1-a), indicated that the atomic ratio of O:C in GO
was 15.79:84.21. The ratio reduced to 12.66:87.33, indicating a reduction in
oxygen in rGOsqo as a result of the reduction process. When the preparation
temperature reached 200 °C, the O:C ratio decreased to 7.53:92.46 as a result

of the reduction of GO and the loss of active functional groups.

4.2.2 CuO Samples

Figure (4.2) shows the chemical composition of the CuO prepared at 100
°C and 200 °C by hydrothermal method. The EDX characterization of the
CuOqp reveals the presence of copper and oxygen in the rod-like structure
with the atomic ratio of Cu:O at 52.75:47.24, proving the existence CuO. No
other impurities are shown which confirms the purity of the final product.
No essential changes have been observed on the CuO,y sample which was
prepared at 200 °C which has an atomic ratio of 53.25:46.74 as shown in
figure (4.2).



Results and Discussion

10 Element | Weight % | Atomic %
L c 80.0 84.21
3 [s) 20.0 15.79
]
g 4
5 ]
ke
o T T T T T T T T T T T T YT T
e 4 4 0 L3
3 Element | Weight % | Atomic %
] C 83.8 87.33
‘°1E‘LJ 0 16.2 12.66
g 4
3
S ?...,,,,,,
0 o ]
Element | Weight % | Atomic %
1@ C 90.2 92.46
3 0 9.8 7.53
g 3
g ]
27
1le
O T
0 2 6 8

Figure (4.1): EDX spectrum and elemental mapping of (a) GO, (b) rGOu100, and (c)
rGO2o0.
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Figure (4.2): EDX spectrum of (a) CuOz1o00, (b) CuO200.

4.2.3 CuO- rGO Samples

To prove the interstitial structure (elementary structure) of the synthetic
composites previously prepared by hydrothermal method, EDX was
performed and showed that Cu, O, and C are the main elements for samples
S1, S2, and S3, and no other impurities as shown in figure (4.3, a- ¢). This
indicates the successful production of nanocomposites. Figure (4.3, d-f)
shows the main elements of CuO- rGO prepared at 200 °C. A difference in
the weight and atomic percentages of Cu and C were observed in samples
S4, S5, and S6.



Chapter Four

64

Results and Discussion

The atomic percentages of Cu, O, and C are shown in Table (4.8). The

decrease in copper content in samples corresponds to an increase in GO

concentration in the nanocomposites.

-0

a“

Element

Weight %

Atomic %

Cu

70.7

35.08

C

10.9

28.64

o

18.4

36.26

a

-

Welight %

Atomic %

Element
Cu 52.5 19.07
C 25.7 49.45
o 21.8 31.46

Element | Weight % | Atomic %
Cu 36.1 10.56
C 39.2 60.73
o 24.7 28.70

Continued. ..
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Continued

Atomic %

Element | Weight %
Cu 613 | 25.72
c 176 | 3911
o 211 | 3516
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Element | Weight % | Atomic %
Cu 45.6 14.87
(&f 34.2 58.99
o 20.2 26.13
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Figure (4.3): EDX spectrum of (a) S1, (b) S2, (c) S3, (d) S4, (e) S5, and (f) S6.

Table (4.2): EDX spectra of CuO- rGO samples prepared at 100 °Cand 200 °C

Sample Cu Atomic% C Atomic% O Atomic%
S1 35.08 28.64 36.26
S2 19.07 49.45 31.46
S3 10.56 60.73 28.70
S4 30.27 18.77 50.94
S5 25.72 39.11 35.16
S6 14.87 58.29 26.13

4.3 X-Ray Diffraction

To study the impact of temperature on the prepared samples, two different

temperatures were chosen for preparation: 100 °C and 200 °C As prepared

and after annealing samples were examined using XRD as follow:
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4.3.1 Samples Prepared at 100 °C

4.3.1.1 GO and rGO
Figure (4.4) displays the XRD results of GO, as prepared and after

annealing at 400 °C of rGO powder. The main diffraction peaks associated
with GO had been found at 26 of 1¥.eY° (001), 42.¢¢° (100), and 77.96°
(110), which closely matched the JCPDS card (00-001-0646) for graphite.
Thermal reduction at 100 °C resulted in the creation of a new, weak peak at
25.2Y° (002), which is associated with the exfoliation of GO. This
observation had indicated a partial reduction. After thermal annealing to 400
°C the intensity of the peak of GO decreased and was observed at 11.69°.
From the figure, it can be inferred that the peaks associated with GO suggest
an insufficient reduction of graphene oxide at 100 °C, even after annealing

which in agreement with [118].

After thermal reduction, eliminating some oxygen-active groups from the
GO leads to a significant shift in lattice constant, d-spacing, and crystal size,
as indicated in Table (4.3). It can be seen from this table that the average
crystallite size increases after annealing. The increase in the crystallite size
confirms recrystallization of the atoms into lattice structure due to thermal
energy generated by annealing process. This energy helps atoms to align
themselves into the plane with lowest free surface energy, and small
crystallites were aggregated after annealing to form larger crystallites which
improved upon annealing [119]. The average size of rGO before and after

annealing was 4.2 nm, and 25.9 nm, respectively.
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Figure (4.4): XRD-results of GO and rGO1o0 before and after annealing at 400 °C.

Table (4.3): XRD data of rGOaoo before and after annealing.

Before annealing

After annealing

(hkl)  FWHM (°)  Crystallite size 20 (°) d(A) (hkI) FWHM Crystallite

(nm) °) size (nm)

6.724  (001) 2532 . 7562  (001)  0.280 29.6
255 3.586 (002) 3.686 2.3 25.50 3.489 (002) 0.381 222
425 2.096 (100) 2.333 3.8
776 1230  (110)  1.440 7.3
Average crystallite size 4.2 Average crystallite size 259
4.3.1.2 CuO

The main peaks of the as prepared and annealed CuO are illustrated in
figure (4.5). It can be seen that the single phase of CuO (tenorite) can be
observed with distinct diffraction peaks at 26 of 32.6°, 35.48°, 38.72°,
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48.68°, 53.2°, 58.1 °, 61.55°, 66.2°,68°, 72°, 75.127° corresponding to

(110), (-111), (111), (-112), (-202), (020), (202), (-113), (022), (220), (311)
with lattice constant a = 4.684 A,b = 30425 A, ¢ = 5.129 A according to
JCPDS card (00-005-0661) of CuO. No noticeable alterations had been

detected following the process of annealing, except an augmentation in the
intensity and distinctness of the peaks.

This suggests an enhancement in the crystalline structure after annealing.
Table (4.4) shows the XRD data before and after annealing for CuOjqo. It
was found that the average crystallite size increased from 11.3 nm to 11.4

nm after annealing, which matches well with previous studies [119] .

CuO,,, after annealing
Cu0,,, before annealing

—
™ -
T -
v -
— S—

Intensity (a.u)

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
2 Theta (degree)

Figure (4.5): XRD of CuOa00 nanocomposites before and after annealing at 400 °C.
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Table (4.4): XRD data of CuO100 before and after annealing.

Before annealing After annealing
(hkl) FWHM  Crystallite 20 (°) (hkl) FWHM Crystallite
@) size (nm) @) size (nm)

324 275  (110)  +,£50 17.6 Y, 2758 (110) +,£93 16.1
Ye4 2.530 (-111) +.539 14.6 Yo,t 2,531 (-111) eVl 13.8
¥A.6 2323 (111)  +.598 13.0 YA 2362 (V') 0586 13.3
Y 1.866  (-202) 0.619 12.2 A1 1.869  (-202)  +,%58 11.4
ov,0 1.714  (020) -.685 10.8 or,¥ 1.751  (+Y+)  0.690 10.7
oA,Y 1582  (202)  +.681 10.6 oA, Y 1583  (Y+Y)  0.635 11.4
6 1506  (-113) +.695 10.2 N5 1507  (-113)  +.663 10.7
1.0 1.410 (-311) 0.764 9.1 LR 1414 (-311) 0.664 104
A, 1.376  (220)  0.79Y 8.6 8.1 1.378  (220) +.647 10.6
VY 4 1.304 (311) 0.648 10.3 v,y 1304 (™)) 0684 9.7

75.1 1.262 (-222) 0.921 7.1 75.2 1.265 (-222) 0.851 1.7

Average crystallite size 11.3 Average crystallite size 114

4.3.1. 3 CuO-rGO

The impact of the amount of GO on the formation of CuO-rGO
nanocomposites can be demonstrated using XRD analysis of the samples
(0.5 gram, 1 gram, and 2 gram of graphene oxide added to copper nitrate).
The samples are named (S1, S2 and S3) respectively, for simplicity. Figure
(4.6) shows the XRD results of all samples before and after annealing. S1
showed high-intensity peaks with a single phase of CuO with lattice
constant a = 4.684 A, b = 3.0425 A, c = 5.129 A, which is consistent with
the data from JCPDS card (00-005-0661) of CuO. A small and weak peak
appeared at 26 equal to 42° (100) due to disordered stacking for rGO layers
in the composites, which is consistent with previous work [120].
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In the case of S2, a strong and sharp peak at 20 of 36.54°(211) related to

cubic phase of Cu,O with d-spacing of 2.5 nm, in addition to other weak
and small peaks at 42.329° (220) and 77.417° (422) plans accordance with
the JCPDS card (00-002-1067). These results were similar in to that reported
in [121]. No peaks related to rGO appeared for this sample perhaps because
of strong peak of Cu,O and low diffraction intensity of rGO in the

nanocomposites.

Two phases were observed for the S3 sample, tenorite (CuQO) and cuprite
(Cu20), and the tenorite phase was predominated. The peak corresponding
to Cu,O was observed at 29° (200) according to the JCPDS card (00-002-
1067) of Cu,O. Other weak and broad peaks related to GO appeared at 16°
(001), 26° (002), and 42° (100) due to an increase in the amount of GO in

the nanocomposites. These results correspond with [122].

The XRD analysis of S1 did not reveal any shift in the peak positions
after annealing, except for an increase in crystallinity. In contrast, only one
phase of tenorite has been detected in the case of S2, suggesting a rise in the
crystallites during annealing, but two phases of CuO were observed in the
case of S3. The distinct peak of rGO exhibits a significant decrease in
intensity or completely vanishes in all three samples. This can be ascribed to
the strong effect of CuO, which effectively inhibited the growth of rGO.
These results correspond with [123]. Upon annealing, the reduction of GO
was not completely achieved, leading to the presence of a weak diffraction
peak that remained. The size of the nanostructures can be substantially
modified by altering the amount of GO present in them. These results
correspond with previously obtained [124]. Moreover, annealing led to a rise

in the average crystallite size for all samples. These findings align with
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earlier research [125]. Table (4.5) shows the XRD data for all samples

before and after annealing. The average crystallite size for samples S1, S2,
and S3 was 11.6 nm, 27.3 nm, and 14.9 nm, respectively, before annealing

and 12.3 nm, 27.4 nm, and 25.3 nm after annealing.
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Figure (4.6): XRD of CuO-rGO nanocomposites prepared at 100 °Cbefore and after

annealing at 400 °C.
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Table (4.5): XRD data of CuO-rGO samples before and after annealing.

Before annealing After annealing

Sample 20 (°) d(A)  (hkl) Crystallite 20 (°) d(A)  (hk) FWHM (°) Crystallite size

size (nm) (nm)

Yy, Yo (YY) YYe Yo,¥ vY,e 275 (\VY) ET 18.2
354 Yoy o (-111) s Y AR ve,e 2.53 (-111) ..o 15.6
YA,V LYY (YY) ee 1Y,4 YAV 2.31 O ey 13.8
£Y,¥ YAY O (Ve G EY0 V,4 £A,Y 1.86 (-202)  -,eve 141
AV ARTAR T Cv107) P At AP ey,e 1.71 (020) ©,0Ae 12.6
oy,o VLYY (b YY) are L, oA, Y 1.58 (202) Gl 11.9
st oA, Y V,0h (YY) ALA Ao 1,0 1.50 (-113)  +,e84 11.8
1,0 V.00 (-113) L AYY A 1 1.41 (-311)  +,%M 7.6
) VEY O (-311) A Ao A, 1.35 (220) ATy 10.8
Average crystallite size 11.6 Average crystallite size 12.3
36.5 2.46 (211) 0.233 333 325 2.75 (110) 0.219 Ly
424 2.13 (220) 0.284 27.2 355 2.52 (-111) YW Yoy
775 1.23 (422) 0.307 21.0 387 2.32 (1Y) YA Ye,t
S2 48.1 1.88 (-Y+%) evry ryY,e
53.5 1.71 QD) SRR Y.t
58.2 1.58 (Y+Y) e Y.,
61.5 1.50 (-113)  .,YVY YY,A
66.0 141 (-311)  .,YYO YA
68.0 1.37 (Yyy) ¢ "W
723 1.30 (") SR 0
75.1 1.26 (-222) ., YNY 30.8
Average crystallite size 27.3 Average crystallite size 27.4
16.7 5.27 (111) 0.410 20.0 26.5 3.36 (++Y) 0483 17.6
26.6 2.62 (002) 0.700 115 294 3.03 (200) 0.264 324
29.3 3.03 (200) 0.446 17.9 324 2.75 (YY) 043 20.0
323 2.76 (110) 0.508 15.6 355 2.52 (-111) 0.338 25.7
36.3 2.26 (211) 0.496 15.8 36.5 2.45 (111) 0.155 56.3
38.v 2.32 (111) 0.715 10.9 38.8 231 (-112) 0.487 18.0
425 212 (100) 0.480 16.0 414 2.17 (100) 0.326 27.1
449 2.01 (-112) 0.468 16.3 46.4 1.95 (-112) 0511 17.6
S3 485 1.87 (-202)  0.468 7.9 48.7 1.86 (-202) 0.445 204
51.¥ 1.78 (112) 0.200 37.3 53.8 171 (020) 0.308 30.1
53.¢ 1.70 (020) 0.720 10.2 58.3 1.58 (202) 0.433 219
58.) 1.58 (202) 0.542 13.3 61.3 151 (-113) 0.261 36.9
61.4 V.0 (-113)  0.620 11.5 65.9 141 (-311) o0.64 15.4
66.* N1 (-311) 0.800 8.6 68.0 1.37 (220) 0.594 16.8
68.¢ N36 (220) 0.400 17.1 723 1.30 (311) 0.353 29.1
72.y .Y0 (311) 0.540 12.4 75.1 1.26 (-222) 0.542 19.3
75.¢ 1.25 (-222)  0.566 115

Average crystallite siz 14.9 Average crystallite size 25.3
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4.3.2 Samples Prepared at 200 °C

43.2.1rGO

The XRD results of rGO produced at 200 °C and annealed at 400 °C had
depicted in figure (4.7). The primary diffraction peak attributed to GO
vanished, whereas peaks corresponding to 26 values of 24.93° (002), 43.11°
(100), and 78.01° (110) were detected. These results correspond with [126] .
These peaks closely resembled the ones specified in the JCPDS card (00-
001-0646) for graphite.

Thermal reduction at a temperature of 200 °C led to the creation of
distinct and strong peaks, indicating the full exfoliation of GO. A noticeable
crystallinity enhancement was observed after two hours of thermal

annealing. This result signifies the effective process of reduction.

- rGO after annealing
~——rGO before annealing
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)
S

Intensity (a.u)

M._._..____

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
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Figure (4.7): XRD results of rGO200 before and after annealing at 400 °C
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The d-spacing and crystallite size are presented in Table (4.6) before and

after annealing. The average crystallite size had been calculated before and

after annealing as 3.4 nm and 3.8 nm.

Table (4.6): XRD data of rGO200 before and after annealing.

Before annealing After annealing

20 d(A) (hk) FWHM (°) Crystallitesizz 20() d(A) (hkl) FWHM  Crystallite

(nm) °) size (nm)

24.9 3.568 (002) . . 3.841 (002) 2.880

43.1 2.096 (100) 3.686 3.7 43.0 2.097 (100) 1.880 4.7

78.0 1.223 (100) 2.240 4.6

Average crystallite size 3.4 Average crystallite size 3.8
4.3.2.2 CuO

The main peaks of the as-prepared and annealed CuO are illustrated in
figure (4.8). It can be seen that the single phase of CuO (tenorite) has been
observed with distinct diffraction peaks at 20 of 32.42°, 35.42°, 38.72°,
48.67°, 53.36°, 58.24 °, 61.52°, 66.16°,67.92°, 72.32°, 75.1° corresponding
to (110), (-111), (111), (-202), (020), (202), (-113), (-311), (220), (311), (-
222) with lattice constant a = 4.684 A,b = 304254,c =5.129 4,
according to JCPDS card (00-005-0661) of monoclinic CuO. No significant
changes have been detected after the annealing process, except an increase
in the intensity of the peaks. This suggests an enhancement in the crystalline
structure after annealing. Table (4.7) shows the XRD data before and after
annealing for CuOy. It was found that the average crystallite size increased
from 13.8 nm to 26.9 nm after thermal treatment, which matches well
previous studies [127].
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Figure (4.8): XRD results of CuO200 before and after annealing at 400 °C.

Table (4.7): XRD data of CuOz200 before and after annealing.

Before annealing After annealing
20 (°) d (A) (hkt) FWHM  Crystallite 20 (°) (hkt) FWHM Crystallite
) size (nm) ) size (nm)

¥4 2.7°A  (110)  +,t8Y 17.0 ¥v.3 2.758  (110)  .-377 22.9
Yo, 253V (-111)  .+5V) 10.% Yo 5 2558  (-111) .-341 255
YA6 232" (111) A 13.A AT 2321 (VYY) .+401 21.9

£A6 1.86%  (-202) .:6°A 1A £A0 1869  (-202) .-391 23.2
or,¥ 1.71¢  (020)  .-64- Agt ov 4 1711 (+Y+) 0.297 31.2

oA, Y 1.58Y (202) .+735 12.9 oA, Y 1581 (YY) ..357 26.6

W5 1.507 (-113) .-793 121 W4 1.506 (-113) .-388 23.8

6.1 1414  (-311) 0.831 11.9 Ml 1414  (-311) 0.468 213

17.9 1378  (220) .-747 133 18.0 1377  (220)  .-468 213

vy.3 1.304 (311) 0.664 154 AR 1.303 (*vyy)  .+360 28.5

75.1 1.265 (-222) 0.856 12.2 75.4 1259  (-222) 0.226 46.4
Average crystallite size 13.8 Average crystallite size 26.9
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4.3.2.3 CuO-rGO

The effect of GO on the formation of CuO-rGO nanocomposites can be
demonstrated using XRD analysis of the samples (0.5 gram, 1 gram, and 2
gram of graphene oxide added copper nitrate) prepared at 200 °C. Figure
(4.9) shows the XRD results of all samples after annealing. S4 sample
showed high-intensity peaks with a single phase of CuO with lattice constant
a=4.684 A, b = 30425 A, c = 5.129A which is consistent with the data
from JCPDS card (00-005-0661) of CuO. A small and weak peak appeared
at 26 equal to 42.26° (100) due disordered stacking for rGO layers in the

composites, consistent with previous work [120].

In the case of S5, a strong and sharp peak at 26 of 36.46°(211) related to
cubic phase of Cu,0O with d-spacing of 2.46 nm, in addition to other peaks at
42.279° (220), 73.45° (332),and 77.29° (422) plans in accordance with
the JCPDS card (00-002-1067). In addition to weak peaks related to the
tenorite phase of CuO at 26 of 35.56°(111), and 38.8°(—111).

Two phases were observed for the sample S6, tenorite (CuO) and cuprite
(Cuz0), and the tenorite phase was predominated. The peak corresponding
to Cu,0 was observed at 29.98° (200),
36.89°(211),42.3°(220),73.84°(332),77.64°(422) according to the
JCPDS card (00-002-1067) of Cu,0. Other peaks related to CuO appeared at
39.19° (111), and 61.7° (-113). It was found from these results that two
phases of CuO appeared even after annealing in the case of samples S5 and
S6. The distinct peak of rGO exhibits a significant decrease in intensity in
sample S4 and completely vanishes in samples S5 and S6. This can be
ascribed to the strong effect of Cu,O and CuO, which effectively inhibited
the growth of rGO [128]. Upon annealing, the reduction of CuO and GO was
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completely achieved, indicating the successful preparation method. The size

of the nanocomposites can be substantially modified by altering the amount

of GO present in them.
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Figure (4.9): XRD results of CuO-rGO samples prepared at 200 °Cafter annealing
at 400 °C

Table (4.8) shows the XRD data for all samples after annealing. The
average crystallite size for samples S4, S5, and S6 was 26 nm, 40.8 nm, and

28.1 nm, respectively.
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Table (4.8): XRD data of CuO-rGO nanocomposite after annealing.

Sample 20 (°) d (A) (hkI) FWHM (°) Crystallite size (nm)
324 2.753 (110) 0.307 28.1
35.4 2.527 (-111) 0.340 25.6
38.7 2.322 (111) 0.385 22.8
422 2.136 (100) 0.328 27.1
48.6 1.868 (-202) 0.366 24.8
53.4 1.712 (020) 0.348 26.6
58.2 1.581 (202) 0.370 256
61.5 1.506 (-113) 0.377 25.6
66.1 1.41 (-311) 0.353 28.0
68.0 1.377 (220) 0.399 25.0
72.3 1.304 (311) 0.364 28.2
S4 75.0 1.264 (040) 0.436 239
Average crystallite size 26
29.5 3.021 (200) 0.186 46.1
355 2.528 (-112) 0.342 25.4
36.4 2.487 (211) 0.199 438
38.7 2.319 (111) 0.28- 314
42.2 2.136 (220) 0.211 42.1
61.3 151 (-113) 0.221 43.6
734 1.288 (332) 0.229 452
S5 77.2 1.233 (422) 0.217 48.9
Average crystallite size 40.8
29.9 2.978 (200) 0.353 24.3
36.8 2.436 (211) 0.366 23.8
39.1 2.296 (111) 0.553 15.9
423 2.14 (220) 0.226 39.3
61.7 1.502 (-113) 0.323 29.9
73.8 1.282 (332) 0.296 35.0
S6 77.6 1.228 (422) 0.373 28.5
Average crystallite size 28.1

4.3.2.4 SNO,/Cu0 - rGO
Figure (4.10) shows the structure SnO,/CuO-rGO thin film. It can be seen

that the diffraction peaks corresponding to tetragonal SnO, and the sharp

peaks related to monoclinic CuO both present in the composite. In addition
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to the peaks indexed to rGO. These peaks were observed at 26 of 20°, 26.4°,

31.5°, 33.6°, 35.16°, 38.2°, 43.28°, 49.12°, 51.5°, 54.88°, 58°, 63.32°,
75.08° corresponding to (002), (110), (110), (101), (-111), (111), (100), (-
202), (211), (220), (202), (-113), (004) according to JCPDS cards (41-1445),
(00-001-0646), and (00-005-0661) of SnO,, rGO, and CuO respectively. No

impurity peaks for other phase were appeared.
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Figure (4.10): XRD results of SnO2/CuO - rGO nanostructure.

Table (4.9) shows the XRD data of SnO,/CuO - rGO. It was found that
the average crystallite size about 31.4 nm.
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Table (4.9): XRD data of SnO2/ CuO- rGO nanostructure.

20 (°) ‘ d (A) (hkI) FWHM (°) ‘ Crystallite size(nm)
20.0 4.435 (002) 0.760 11.0
26.4 3.368 (110) 0.940 9.0
315 2.865 (110) 0.140 61.5
33.6 2.651 (101) 0.440 19.6
35.1 2.545 (-111) 0.766 11.3
38.2 2.315 (111) 0.140 62.7
43.2 2.078 (100) 0.160 55.7
49.1 1.841 (-202) 0.400 22.8
51.5 1.768 (211) 0.200 46.0
54.8 1.674 (220) 0.280 33.3
58.0 1.587 (202) 0.480 19.7
63.3 1.463 (-113) 0.640 15.2
75.0 1.260 (004) 0.260 40.2

Average crystallite size 31.4

4.4 Thermogravimetric Analysis (TGA)
The thermal stability of the samples was tested under Nitrogen

atmosphere at a temperature between (50 — 900 °C) with a temperature rise
of 50°C min~1.

4.4.Y GO and rGO

Figure (4.11) shows the thermal stability of GO, rGOjqo, and rGOzg. The
TGA curve of the GO exhibited a progressive reduction in mass as a result
of many sequential decomposition processes, ultimately reaching a 70 %
decrease after being heated to 800 °C. Initially, when heating the sample to
100 °C, approximately 10 % of its weight was reduced due to moisture
evaporation. Upon additional heating to 480 °C, there was no notable

decrease in weight due to a stable product during this phase. Subjecting the
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material to additional heating at temperatures over 500 °C causes a weight

reduction, reaching 60 % of its initial value at 675 °C. The weight loss
persisted via additional heating until it reached approximately 50 % at a
temperature of 750 °C due to the removal of some active functional groups
and the reduction of GO. At a temperature of 800 °C, the most significant
weight reduction was seen, amounting to 30 % of its initial weight. The drop
in GO mass was primarily due to oxygen-containing functional groups'

pyrolysis, which produced steam, CO,, and CO [129].

The TGA curve of rGO;9o shows a 58% weight decrease at (100- 800 °C)
due to oxygen extraction from active groups (CO, CO,, and H,O). The
elimination exerts significant pressure on the layers, causing them to split
due to heat that produces thermal energy [130]. A slight reduction in mass of
around 5% was detected in the rGO,y sample within the temperature range
of (100 — 600 °C), extending up to 600 °C. The degradation of rGO, was
observed to be 27%. These results were similar to those previously obtained
[131]. Furthermore, at 800 °C, there was no significant drop in weight
percentage observed after that. The decrease in mass was attributed to the
limited quantity of active groups that were still present and the combustion
of the carbon [132]. Based on the experiments, it can be inferred that the

breakdown temperature of GO was lower than that of rGO.

4.4.2 CuO

Figure (4.12) illustrates the TGA graph of CuO. The TGA of CuOigo
revealed a decrease in weight of around 3% within the temperature range of
(100 °C — 500 °C). This drop can be attributed to the evaporation of volatile
components. Once the temperature reached (550°C - 750 °C), there was a
slight decrease of 1%. After 750 °C, a slight loss of mass about 1.25% was
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observed. The CuO, exhibited a weight loss of around 2.25% between

temperatures of 100 °C and 500 °C. However, it demonstrated thermal
stability between 500 °C to 750 °C. Following this temperature, there was a
slight weight reduction, around 1.19%. The TGA curves of both samples
show that the CuO was thermally stable.
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Figure (4.11): TGA curves of GO, rGOio0, and rGO200.
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Figure (4.12): TGA curves of CuO100 and CuOz00.
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£.4.3 CuO-rGO

Figure (4.13) demonstrates the impact of annealing on the TGA curves of

samples S1, S2, and S3, to examine the thermal stability of the samples.
Before annealing, as shown in figure (4.13-a), the S1 and S2 samples
exhibited a weight reduction of 5% to 7% at temperatures lower than 450
°C. The reduction in weight of the nanocomposites is attributed to the
process of water evaporation. Subsequently, the weight loss percentage at
800 °C increased to 37% for S1 and 14% for S2, suggesting the deterioration
of oxygen-containing functional groups within the composite material [133].
No weight loss was observed over 800 °C. For S3, the weight loss caused by
moisture absorption rose to 11% at a temperature of 150 °C as the GO ratio

In the nanocomposites increased.

Gradual weight loss reaching 42% occurred at 800 °C due to carbon
combustion in the composite. Following the annealing process at a
temperature of 400 °C, as shown in figure (4.13-b), both S1 and S2
demonstrated thermal stability across the range of 100 °C to 500 °C. At
temperatures up to 800 °C, S1 showed a weight reduction of approximately
6%, whereas S2 exhibited a significant weight loss of 27%. This can be
attributed to the removal of carbon from the nanocomposites. The weight
loss increased when the GO weight in sample S3 was increased. The weight
of S3 gradually decreased due to various disintegration processes, ultimately
resulting in a 32% loss after being heated to 800 °C. A weight loss of 13%
was initially recorded between temperatures of 100 °C and 600 °C, followed

by an additional weight loss of around 19% up to temperature of 800 °C.
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Figure (4.13): TGA curves of CuO -rGO prepared at 100 °C: (a) before annealing,
(b) after annealing at 400 °C.

4.5 FTIR- Spectroscopy

45.1 GO and rGO

Figure (4.14) shows the FTIR of GO and rGO annealed at 400 °C for two
hours. The GO spectrum exhibited a significant peak at 3341 cm™, attributed
to the OH (hydroxyl) stretching caused by the water molecules trapped
between the graphene layers during production. The presence of bands, such
as C=0, C-OH (hydroxyl), and C-O (epoxy), within the carbon layers
indicates the existence of significant quantities of oxygen-containing
functional groups in GO [134].

The aromatic C=C band can represent the skeleton vibration of the
graphene plane. The presence of an ineffective band with a peak at 450 cm™
may be attributed to the production of amorphous carbon nanoclusters [135].
The spectra of rGO19o demonstrated a significant decrement in the intensity
of the bands compared to GO. It was obvious that the peak C= O for
carboxyl at 1747 cm™ vanished. This could be attributed to partially

removing the oxygen-containing functional groups and deoxygenation [130].
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The appearance of additional peaks at 918 cm™ and 605 cm™ can be related

to rGO. Increasing the reduction temperature to 200 °C led to reduce the
hydroxyl group in GO.

Consequently, the absorption peak at wave number 3741 cm™ decrease,
indicates the skeleton vibration of the OH group. The peak at 2330 cm™
represents the restored carbon basal planes after thermal reduction [136].
Compared to GO, hydrothermal treatment lowered the absorbance peak at
3441 cm in rGO samples, indicating effective hydroxyl group elimination.
These results correspond with previous works [137].
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Figure (4.14): FTIR analysis for (a) GO, (b) rGOuoo, and (c) rGO2o0 after annealing
at 400 °C.

4.5.Y CuO

Figure (4.15) illustrates the FTIR of CuO after annealing at 400 °C. The
vibrations peak around 3742 cm* was related to the stretching vibrations of
hydroxyl O-H bonds induced by water absorption in the composites during
preparation. The peak at 2360.9 cm™ is due to the symmetric and anti-
symmetric stretching vibrations of CH, [138], in addition to the bond at
1519 cm? corresponding to C=0 stretching of the carboxylate ion bond to
the CuO. The band that appeared at 1161 cm™ represents the covalent bond
between -OH and C, as indicated in previous work [101]. The absorption
peaks at 659 cm, 505 cm, and 420 cm™ were perhaps due to Cu-O bond
vibration in the monoclinic phase of CuO, which signifies the presence of a
metal-oxide group in the composites [139].
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Figure (4.15): FTIR analysis of CuO annealed at 400°C
4.5.¥ CuO-rGO

The FTIR analysis of CuO-rGO for samples S4 and S5, which underwent
annealing at 400 °C, is depicted in figure (4.16). The S4 sample exhibits a
distinct absorption peak at 3410 cm™, attributed to the stretching and
bending vibrations of the hydroxyl groups and water molecules on the
surface. Furthermore, 1465 cm™ ascribed to the stretching vibration of C-OH
of alcohol indicated the formation of CuO-rGO nanocomposites. Other
peaks such as 609 cm™ and 516 cm™ confirmed that the cuprous ions were
securely attached to the graphene oxide layers [138]. For sample S5, an
increment in the amount of GO in the nanocomposites led to an increment of
the functional groups, as appeared in figure (4.16-b). The absorption peaks
at 2360 cm™ represent symmetric stretching vibrations of CH, [123]. The
vibration of the Cu—O bond was confirmed by the presence of the peak at
547 cm}[140, 141].
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Figure (4.16): FTIR analysis of CuO-rGO nanocomposites annealed at 400 °C; (a)
S4, and (b) S5.

4.5.4 SnO;
The FTIR spectra of SnO; is shown in figure (4.17). The band at 3433 cm™®

indicates the hydroxide -OH groups of the nanocomposites. The weak peak
revealed the presence of CO, at 2349 cm™, which corresponds to the
O=C=0 bond. The peak at 1647 cm?* corresponds to the H-O-H water
molecule found in the atmosphere [142]. The strong bonding observed at a
wavenumber of 609 cm™ is attributed to the Sn-O stretching vibrational
mode of the asymmetric Sn-O-Sn bond [143].
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Figure (4.17): FTIR analysis of SnOsz.
4.6 FESEM Characterization

4.6.1 Samples Prepared at 100 °C
4.6.1.1 GO and rGO

The GO and rGOj samples were analyzed using High-resolution
FESEM characterization to investigate their structure and surface
morphology before and after annealing, as shown in figure (4.18). Figure
(4.18-a) displays several overlapped folded stoked graphene oxide layers.
Applying heat treatment at 100 °C resulted in the consolidation and
compaction of the GO layers, forming a plate-like structure with curved
textures with more pores, as appeared in figure (4.18-b).

The average thickness of the layers was about 35.5 nm. The rGO layers
formed agglomerates in a plate-like shape, resulting in a structure with
increased flaws. These defects were caused by the breakdown of oxygen
groups during thermal annealing, suggesting a reduction of GO. This is

shown in figure (4.18-c); eliminating oxygen-containing groups can form
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rGO sheets. The decrease of van der Waals interlayer interaction would

facilitate the split of GO layers, forming thin rGO sheets containing fewer
graphene layers than GO [78].
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Continued...
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Figure (4.18): High-resolution FESEM images of (a) GO, (b) rGOu00 before

annealing, (c) rGOaoo after annealing at 400 °C

4.6.1.2 CuO

Figure (4.19) shows the FESEM of CuOqo before and after annealing. It
is clear from figure (4.19-a) that CuOsgo exhibited a nanorods structure with
an average diameter of 51 nm and length of 170 nm. After annealing, these
structures agglomerated on the surface, appearing as larger particles, and the

average diameter increased to 59 nm as shown in figure (4.19-b).

4.6.1.3 CuO-rGO

The impact of the GO quantity on the CuO- rGO nanocomposites was
illustrated in figures (4.20), (4.21), and (4.22). S1 had a morphology
characterized by a small rod-shaped structure on its surface with an average
diameter of about 34 nm. When subjected to annealing at a temperature of

400 °C, the nanorods structure experiences accumulation, creating larger
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particles with 37 nm in diameter that form a spherical structure, as in figure

(4.20, a, b).
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Figure (4.19): High-resolution FESEM images of CuOuoo, (a) before annealing, (b)

after annealing at 400 °C
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Figure (4.20): High-resolution FESEM images of S1, (a) before annealing, (b) after
annealing at 400 °C

Upon increasing the quantity of GO to 1 gram, S2 sample, the long
nanorods decreased resulting in an irregular structure with an average size of
52 nm as shown in figure (4.21-a). Then the structure totally transformed to
a spherical shape with an increment in size to 92 nm upon annealing, as
shown in figure (4.21-b). At a weight fraction of 2 grams in figure (4.22),
the GO forms a semi-rod-like structure that completely coats the surface of
the rGO sheets. The average diameter of this structure was in the range of 41
nm. This structure coalesces into sizable agglomerations with a spherical

morphology following heat treatment. As a result, the quantity of small
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particles is reduced, increasing the number of large particles with a diameter

of about 63 nm.
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Figure (4.21): High-resolution FESEM images of S2, (a) before annealing, (b) after
annealing at 400 °C.
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The purpose of NaOH in the reaction was to facilitate the connection

between GO and CuO through hydrothermal treatment, hence promoting the
generation of electrons on the surface of GO. During this stage, reducing
Cu*? and GO forms CuO and rGO nanocomposites. As previous studies
discussed, the temperatures influence this reaction. The average size of [144]
all three samples was observed to be within the nanoscale range, as

confirmed by XRD results.
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Figure (4.22): High-resolution FESEM images of S3, (a,) before annealing, (b) after
annealing at 400 °C
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4.6.2 Samples Prepared at 200 °C

46.2.1rGO

The morphology of the annealed samples was analyzed using a high-

resolution FESEM. Figure (4.23) illustrates a crumpled plate-like structure
of rGO,q after raising the preparation temperature to 200 °C. The breakdown
of oxygen-active groups and increased space between layers resulted in a
notable alteration in morphology with an average thickness of 77 nm. These
results were in agreement with previous studies [146]. This decreased
reaction between the planes weakened the van der Waals force [147]. This
suggests that the GO was reduced successfully, which was inferred by XRD
and FTIR results.
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Figure (4.23): High-resolution FESEM images of rGO20o after annealing at 400 °C.

4.6.2.2 CuO

The morphology of the annealed sample was analyzed using a high-
resolution FESEM. Figure (4.24) shows a rod-like structure of CuOaqo after
raising the preparation temperature to 200 °C with an average particle size of
a few nanometers, confirming the results of XRD. These results were the
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same as when CuO was prepared at 100 °C and in agreement with the

previous study which used the same preparation method but larger particles
were obtained [148].
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Figure (4.24): High-resolution FESEM images of CuO2o0 after annealing at 400 °C

4.6.2.3 CuO -rGO

The effect of the GO quantity on the CuO- rGO nanocomposites after
annealing at 400 °C is shown in figure (4.25). Figure (4.25- a) shows that an
S4 nanorods structure can be observed on the surface of rGO with high
accumulation and an average size of over 27 nm. After increasing the
guantity of GO to 1 gram, as shown in figure (4.25- b), the S5 sample
underwent a significant transformation in its nanocomposites structure. This
led to a uniform and spherical-like shape with an average size of
approximately 52 nm. The rise in average size resulted from the aggregation
of small particles. In figure (4.25- ¢), when the weight fraction increases by
2 grams, the CuO particles merge to form large, uneven clusters. These
clusters cover the surface of the rGO sheets and reduce the number of folds
in the rGO nanosheets [149]. The study revealed a reduction in the average
particle size to approximately 37 nm.
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Figure (4.25): High-resolution FESEM images of CuO- rGO after annealing at 400
°C, (a) S4, (b) S5, and (c) S6.
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4.6.2.4 SnO;

The morphology of the SnO; film annealed at 1000 °C and deposited by

PLD is shown in figure (4.26). It was clear from the figure that a spherical-
like shape was observed with larger agglomerations. The average particle
size was about 60.56 nm. This result was similar to that indicated in previous

study [150] when the SnO, prepared by chemical precipitation method.

SEM HV: 20.0 xV : WD 2.27
D fHeld: 1.38 Det InBeam 200 nm
SEM MAG: 100 kx Date{midiy): O7/19023

Figure (4.26): SEM images of annealed SnO:.

4.7 TEM Analysis

4.7.1rGO
Figure (4.27) illustrates the TEM of rGO prepared at 200 °Cand annealed

at 400 °C with different magnifications. The peeling process from GO to
rGO2o caused bending of the stacked layers of graphene sheets, resulting in
wrinkled surface patterns and irregular and crashing shape. These results

were in agreement with [151].

4.7.2 CuO
Figure (4.28) illustrates the TEM of CuO prepared at 200 °C and annealed

at 400 °C with different magnifications. From the obtained images, we can
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observe a large quantity of uniform nanoparticles in a rod-like shape with

high agglomerations.

Figure (4.27): TEM images of rGOz200 annealed at 400 °C with different

magnifications.
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Figure (4.28): TEM images of CuO200 annealed at 400 °C with different

magnifications.

4.7.3 CuO-rGO
Figure (4.29) demonstrates the impact of the GO weight on the CuO-rGO
nanocomposites prepared at 200 °C and annealed at 400 °C, depicted at

various magnifications. The TEM images in figure (4.29-a) reveal that a rod-
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like structure has completely coated the surface of rGO with a significant

amount of CuO, enhancing the SEM results of S4. A different shape is
shown in figure (4.29-b). With increasing the weight of GO in the
nanocomposites, a transformation in shape to a spherical form is clearly
evident. CuO grains are dispersed between rGO sheets, showing a strong
interaction between the two compounds with significant agglomeration
leading to an increase in particle size. Figure (4.29-c) shows the TEM
images of sample S6 after increasing the weight of GO. The spherical
formations were randomly distributed across the surface and edges of the
rGO sheets. The remained functional groups that are present on the rGO

sheets serve as ligands that facilitate the attachment of CuO particles.

T MEES CMLX 100K (RN Y RS CME00 10Ky e 10 Mty 000

Figure (4.29): TEM images of CuO- rGO samples prepared at 200 °Cand annealed
at 400 °C with different magnifications.
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4.8 AFM Analysis

4.8.1 Samples Prepared at 100 °C
AFM analysis was utilized to examine the surface characteristics of the
thin films fabricated at 100 °C using the dip coating technique and

subsequently annealed at 400 °C for two hours.

4.8.1.1 GO and rGO

Figure (4.30) displays the surface characteristics of GO and rGO thin
films deposited on a glass substrate using the dip coating process and then
annealed at 400 °C for two hours. The AFM results depicted the roughness
and surface topography of both GO and rGO samples. The 2-D and 3-D
images of GO are shown in figure (4.30-a). The surface of GO was rough
and had many wrinkles. The mean square, roughness, and height obtained
from the AFM results are 19.35 nm, 15.75 nm, 7.85 nm respectively. After
reduction at 100 °C, the GO displayed a reduction in root mean square and
roughness as a result of exfoliation and removal of some oxygen-active
groups as illustrated in figure (4.30-b). This eliminated some edges and
wrinkles on the surface. The surface roughness of rGO;q reported at 3.91
nm which was less than that of GO and higher than that reported before [40].
The mean square, roughness, and height obtained from the AFM results are
illustrated in Table (4.10).
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Figure (4.30): 3-D and 2-D images of AFM results annealed at 400 °C: (a) GO, and
(b) rGOuo0.

Table (4.10): AFM data of GO and rGOQO100 samples.

Sample Root mean square (nm) Roughness (nm) Height of peak (nm)
GO 19.35 15.57 7.86
rGO10n0 5.14 3.91 2.88
4.8.1.2 CuO

Figure (4.31) displays the surface characteristics of CuO thin films
deposited on a glass substrate using the dip-coating process and then

annealed at 400 °C for two hours.
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The AFM results showed the roughness and surface topography of CuO

sample. The 2-D and 3-D images showed rough surface of annealed film of
CuO. The root mean square, roughness, and height obtained from the AFM
results are 25.22 nm, 19.81 nm, 10.22 nm respectively. These results differ
from those obtained recently when CuO film was prepared by so- gel
method and deposited by dip coating process. The film showed high
roughness of 77.4 nm [153].
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Figure (4.31):3-D and 2-D images of AFM results of CuO100 annealed at 400 °C.

4.8.1.3 CuO- rGO

Figure (4.32) displays the 2-D and 3-D images of CuO- rGO
nanocomposites. As shown in figure (4.36-a), the surface of S1, as exhibits
several peaks and valleys due to the deposition of nanoparticles, resulting in
significant height variation. The surface has an average roughness of 27.81
nm, with a peak height around 144.4 nm. Increasing the weight percentage
of GO in sample S2 resulted in the creation of many peaks and valleys on
the surface, with heights of around 54.44 nm, leading to an increase in

roughness to 116.1 nm (see figure 4.32- b).
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Further increase in the GO amount resulted in a reduction of the roughness

surface to around 31.62 nm with relatively high peaks, as depicted in figure
(4.32- c¢). The results showed that roughness can be altered by combining
rGO with CuO, resulting in nanocomposites with greater roughness than
pure CuO and rGO which is in agreement with [174]. Table (4.11) displays
the results of AFM of the three samples.
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Figure (4.32): 3-D and 2-D images of AFM results of: (a) S1, (b) S2 (c) and S3.

Table (4.11): AFM data of CuO- rGO thin films prepared at 100 °Cand annealed at
400 °C.

Sample  Root mean square (nm)  Roughness (nm)  Height of peak (nm)

S1 39.30 27.81 149.40
S2 223.30 116.1 54.44
S3 43.93 31.62 135.80

4.8.2 Samples Prepared at 200 °C

AFM analysis was utilized to examine the surface characteristics of the
thin films fabricated at 200 °C using the dip coating technique and
subsequently annealed at 400 °C for two hours.

4.8.2.1rGO

Figure (4.33) displays 2-D and 3-D images of rGO thin films fabricated at
200 °C and deposited on a glass substrate using the dip coating technique
and annealed at 400 °C. At a preparation temperature of 200 °C, several
functional groups were eliminated resulting in thicker layers and increased

surface roughness due to deoxidation. The surface roughness reached 10.14
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nm, the root mean square was 13.02 nm, and the peak height was around

1.02 nm. The results closely align with other reduction methods such as
magnetron sputtering in the HCI agent [155] and biological reduction of GO
[156]. The thin film's thickness was determined to be 42.34 nm.

Figure (4.33): 3-D and 2-D image of AFM results of rGO200 and annealed at 400 °C.

4.8.2.2 CuO

Figure (4.34) shows AFM images of a CuO thin film produced at 200 °C
on a glass substrate using the dip coating process, followed by annealing at
400 °C for two hours. At a preparation temperature of 200 °C, a notable
increase in peak height and roughness was observed in both the 2-D and 3-D
images. The surface of CuO,g was higher than that of CuOjqo. The results
suggest that raising the temperature to 200 °C leads to an increase in grain
size and subsequently an increase in surface roughness during annealing
[157]. The average values for root mean square, roughness, peak height, and
thickness are 29.87 nm, 21.44 nm, 13.17 nm, and 62.69 nm, respectively.
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Figure (4.34): 3-D and 2-D images of AFM results of CuO200 and annealed at 400 °C.

4.8.2.3 CuO-rGO

Figure (4.35) displays the 2-D and 3-D images of CuO- rGO thin films
prepared at 200 °C using the dip coating technique and subsequently
annealed at 400 °C for two hours. The surface of S4 was rough with an
average roughness of 51.40 nm, as shown in figure (4.35-a), with low height
of peak. Increasing the weight percentage of GO in sample S5 resulted in the
creation of many peaks and valleys on the surface, with heights of around
47.64 nm leading to great increase in roughness to 144.4 nm (see figure
4.35-b). Further increase in the GO amount resulted in a reduction of the
rough surface to around 61.42 nm with very high peaks, as depicted in figure
(4.35-c). The results showed that roughness of samples prepared at 200 °C
were greater than that prepared at 100 °C.
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A notable increase in roughness was noticed with the S5 compared to

other samples. This was attributed to the presence of Cu ions being firmly
anchored in the interfacial layers of GO which resulted in the difference in
the topology of CuO —rGO [158] . The thickness of sample S4 measured to
be 92.72 nm and increase 278.4 nm after deposition of SnO, above it by
PLD. Table (4.12) displays the data of AFM of the three samples measured

using AFM macroscopy.
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Figure (4.35): 3-D and 2-D images of AFM results of: (a) S4, (b) S5, and (c) S6.

Table (4.12): AFM data of CuO- rGO thin films prepared at 200 °Cand annealed at
400 °C.

Sample  Root mean square (nm)  Roughness (nm)  Height of peak (nm)

S4 68.59 51.40 12.23
S5 223.30 144.40 47.64
S6 87.04 61.42 254.5

Table (4.13) displays the average thickness of thin films measured using
AFM microscopy.

Table (4.13): Thin film thickness measurements for different samples.

Sample Thickness (nm)

rGO200 42.34

CuO200 61.69

SnO; 86.30

CuO-rGO 92.72
SnO2/ CuO-rGO 278.4




111
Chapter Four Results and Discussion

4.9 BET analysis

4.9.1 Samples Prepared at 100 °C
49.1.1rGO

The BET results demonstrate the impact of temperature on the absorbed
N in connection with pressure, as depicted in figure (4.36). The samples'
adsorption isotherm is classed as type (IV) based on the Brunauer-Emmett-
Teller classification, suggesting a mesoporous structure. The analysis shows
that GO has a specific surface area of 55.53 m?/g. Following the initial
thermal reduction at 100 °C and annealing at 400 °C, the isotherm curve of
rGO indicates its porous nature and exhibits a hysteresis loop [159]. The
hysteresis loops of the produced samples revealed that the H3 hysteresis was
indicated the existence of slit-shaped pores as observed in the FESEM
Images. The isotherms did not exhibit any limiting adsorption at high

relative pressure.
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Figure (4.36): N2 - adsorption—desorption isotherms of (a) GO and (b) rGOuo0 at 77
K. The inset shows the pore size distributions calculated using the BJH method.
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Table (4.13) summarises the BET results. This analysis indicated that the

surface area of GO Was 118.99 m?/g as shown in figure (4.36-b) which
was higher than that of GO. High BET surface area of GO and rGOiq
provides plenty of active sites for accelerating the sensing reactions as well
[160]. The pore size distribution derived from the N, - adsorption isotherm
using the BJH model was displayed in the inset figures, confirming the
presence of micro- and mesoporous in the GO and rGO samples but the pore

diameter was reduced to 3.99 nm after reduction as illustrated in table

below.
Table (4.14): BET results of GO and rGOxoo.
Surface area  Pore diameter ~ Total pore volume
Sample
(m?g™) (nm) (cm*g?)
GO 52.532 32.895 0.432
rGOiono 118.990 3.991 0.118
4.9.1.2 CuO

Figure (4.37) shows the N, adsorption—desorption isotherms of CuO
prepared at 100 °C and annealed at 400 °C to confirm the existence of
macropores and mesoporous in the sample. The isotherm curve of the
sample exhibits an H3 hysteresis loop, suggesting the existence of
significant mesoporous and macropores, which can be classified as type IV
according to the international union of pure and applied chemistry (IUPAC)

classification [161].
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Figure (4.37): N2 - adsorption—desorption isotherms of CuO100 at 77 K. The inset

shows the pore size distributions of CuOaoo calculated using the BJH method.

Based on the BET measurements, CuO has a mesoporous structure
characterized by big pores and a relatively small surface area. The results
showed that CuO nanoparticles had a BET surface area of 26.157 m?/g,
which was higher than that reported previously [162] , a pore diameter of

52.218 nm, and a pore volume of 0.341 cm?/g.

4.9.1.3 CuO- rGO
The N, adsorption- desorption isotherms of CuO- rGO nanocomposites

generated at 100 °C and annealed at 400 °C are depicted in figure (4.38) to
verify the presence of microspores and mesoporous in the sample. The
isotherm curves of the three samples exhibited H3 hysteresis loop,
suggesting the presence of significant mesoporous. These mesoporous can
be classified as type IV according to the IUPAC classification. Figure (4.38-
a) indicates that sample S1 had a relatively small surface area of around
17.468 m?/g and a large pore diameter of 53.292 nm. This can be attributed
to the low amount of rGO in the nanocomposites. By increasing the amount

of GO in the nanocomposites, the specific surface area of S2 increased to
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31.944 m?/g, but there was a slight decrease in the pore diameter, as shown

in figure (4.38- d). The results were comparable to those obtained by [163].
With the increase in the amount of GO in sample S3, the BET surface area
decreased to 10.379 m?/g. This reduction can be attributed to the weight loss
observed in the temperature range of 100 - 600 °C, which is caused by the
decomposition of rGO in the nanocomposites, as revealed by the TGA data.
The Barrett-Joyner—Halenda (BJH) analysis revealed that the predominant
pore diameter was approximately 31.507 nm, with an average pore volume
of 0.081 cm®/g, as depicted in the figure (4.38-d). Table (4.15) illustrated the

BET results of the three samples.
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Figure (4.38): N2 - adsorption—desorption isotherms of (a)S1, (b)S2, (c) S3 at 77 K,
and (d) the pore size distributions of S1, S2, S3 calculated using the BJH method.
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Table (4.15): BET results of CuO- rGO nanocomposites prepared at 100 °C

Surface area Pore diameter

Sample (g (m) Total pore volume (cm® g?)
S1 17.468 53.292 0.232
S2 31.944 46.646 0.372
S3 10.379 31.507 0.081

4.9.2 Samples Prepared at 200 °C
49.2.1rGO

The N, adsorption—desorption isotherms of rGO prepared at 200 °C and
annealed at 400 °C for two hours were illustrated in figure (4.39). rGOxu
showed type-IV adsorption isotherms in the relative pressure indicating to
the sheet-like particles and slit-like pores. The pore size distribution derived
from the N, adsorption isotherm using the BJH model is also displayed in
the inset figure (4.39) confirming the presence of mesoporous. The specific
surface area of rGO,g Was about 195.28 m?/g , which was higher than that
of rGO prepared at 100 °C and that reported by [159], when GO reduced at
900 °C. High surface area due to many oxygen functional groups on its
surface that can become adsorption sites for gas. The average pore diameter

and pore volume were 28.779 nm, and 1.408 cm?3/g respectively.

4.9.2.2 CuO

The N, adsorption-desorption isotherms of CuO, which were synthesized
at a temperature of 200 °C and then annealed at 400 °C for two hours, are
shown in figure (4.40). The isotherm curves of CuO,q exhibited a hysteresis
loop, suggesting the presence of significant mesoporous and macrospores,
which can be classified as type IV isotherm. The computed specific BET

surface area of CuO,p Was15.233 m?/g. The obtained results were lower
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than that of CuO1qo. . In addition, the BJH method was used to determine the

average pore-size distributions and pore diameter of CuO,p. The results
showed that the average pore diameter was 50.46 nm and the pore volume

was 0.192 m¥/g, as indicated in the inset figure (4.40).
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Figure (4.39): N2 - adsorption—desorption isotherms of rGO2o00 at 77 K. The inset

shows the pore size distributions of rGO200 calculated using the BJH method.
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4.9.2.3 CuO-rGO

The N, adsorption- desorption isotherms of CuO- rGO nanocomposites
generated at 200 °C and annealed at 400 °C are depicted in figure (4.41) to

verify the presence of macropores and mesoporous in the sample. The
isotherm curves of the three samples exhibited a hysteresis loop, suggesting
the presence of significant mesoporous. These mesoporous can be classified
as type IV according to the IUPAC classification. Figure (4.41- a) indicated
that S4 sample had a relatively high surface area of around 27.926 m?/g
which was higher than that of S1 with a smaller pore diameter of 36.968 nm.
By increasing the amount of GO in the nanocomposites, the specific surface
area of S5 increased to 36.116 m?/g, with an increase in the pore diameter, as
shown in the figure (4.41- d) revealing the H2 hysteresis loop [164]. With
increase in the amount of GO in sample S6, the BET surface area decreased
to 28.149 m?/g.

The Barrett-Joyner—Halenda (BJH) analysis revealed that the predominant
pore diameter was approximately 55.597 nm, with an average pore volume
of 0.391 m?/g as depicted in the inset figure (4.41- d). From the results of all
samples, it can be said that the three samples exhibited enhancement in the
surface area after doping with rGO compared with pristine CuO. The
relatively large specific surface area benefits the gas sensor process by
providing additional active adsorption sites for gas and accelerating the
redox reaction on the surface of CuO- rGO, leading to the improvement
response. Table (4.16) illustrates the BET results of the three samples.
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Figure (4.41): N2 - adsorption—desorption isotherms of (a) S4, (b) S5, (c) S6 at 77 K,

(d) the pore e distributions of samples calculated using the BJH method.

Table (4.16): BET results of CuO- rGO nanocomposites prepared at 200 °C

S4 27.926 36.968 0.258
S5 36.116 41.189 0.378
S6 28.149 55.597 0.391
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4.10 UV-Visible Spectroscopy for Thin Films
The optical properties of the thin films deposited on glass substrate have
been investigated. The optical properties include the UV-Visible absorption

and Tauc plot analysis.

4.10.1 UV-Visible Properties

4.10.1.1 GO and rGO Thin Films

Figure (4.42) shows the UV-visible spectra of GO and rGO thin films. As
shown in figure (4.42), GO has two peaks at 232.5 nm and 321 nm, which
are related to (z—=* transition) of (C=C) bonds and (n—=* transitions) of
(C=0) bonds [165], [166]. Figure (4.42) showed rGO prepared at 100 °C and
annealed at 400 °C for two hours. For rGOq, due to the partial reduction of
GO and the elimination of oxygen-functional groups, a red shift in (7—=*
transition) may occur and disappearance (n—z* transitions) of (C=0) bonds
and an increase in aromatic rings leads to easier electron excitation at lower
energy [162]. As preparation temperature goes up, absorptivity goes down,
but there is no change in wave lengths less than 400 nm [167]. The rGOzy
film absorption was observed between 200- 300 nm and was absent (n—m*

transitions) due to the reduction of GO.

4.10.1.2 CuO and SnO; Thin Films

The UV-visible absorption spectrum of CuO and SnO; thin films are
shown in figure (4.43). It is clear from figure (4.43-a) that CuO films exhibit
a relatively high absorption in the visible region ranging from 400 to 800
nm. The absorption peak of CuO prepared at 100 °C is at around 280 nm
[168] . Shifting in the absorption spectrum of CuO has been observed after

Increasing the preparation temperature to 200 °C and the peak was seen at
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244 nm. The UV-visible absorption spectrum of SnO; thin films deposited

by PLD is shown in figure (4.43- b). High absorption peak was observed in

the range of 300 nm and decreases with increasing the wavelength [169].
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Figure (4.42): UV-visible Spectra of the GO and rGO thin films.
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4.10.1.3 CuO- rGO and SnO; /CuO- rGO Thin Films

Figure (4.44-a) displays the UV-visible absorption spectrum of CuO-

rGO thin films that were prepared at 200 °C and subsequently annealed at
400 °C for two hours. The absorption peak of the CuO- rGO thin film
exhibits a red shift of 322 nm in comparison to pure CuO. The presence of a
red-shifted indicates a decrease in the GO content in the nanostructure. The
primary absorbance peak of CuO nanoparticles has seen a shift towards a
lower wavelength (300 nm), suggesting changes in the structure of the CuO
nanoparticles [170]. After deposition of third layer of SnO,, a small shift in
the absorption peak around 312 nm has been observed in comparison with
CuO- rGO as shown in figure (4.44-b).
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Figure (4.44): UV-visible Spectra of: (a) CuO- rGO and (b) SnO2/ CuO- rGO thin

films.

4.10.2 Band gap Energy and Tauc Plot
A high absorption region (a > 10* cm™) thus direct transition has been

observed related to the absorption coefficient o using Tauc’s equation [39]
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for all samples. Band gap can be calculated by the intercept of tangent of

(ahv)? and the photon energy.

Figure (4.45) shows the variation of (ahv)? versus photon energy (hv) of
incident radiation for rGOz, CuOzg, SNO,, CuO- rGO and SnO,/ CuO-
rGO. This figure shows that the value of optical energy gap of rGO, was
equal to 4.68 eV and the value of optical energy gap of CuO,q was equal to
4.45 eV which was larger than the bulk value (1.2 eV). The increase in band
gap of CuO was due to decreased in particle size [171] which was calculated
by Scherer equation. As shown in figure (4.45), the calculated band gap of
SnO; was 3.7 eV which is in agreement with published value of bulk SnO;
[172] .The computed band gap of the CuO- rGO composite was 2.95 eV as
shown in figure, which was smaller than the individual band gaps of pure
rGO and CuO. The observed result can be related to the heightened surface
charge interaction between rGO and CuO, which leads to a shift in the
optical energy gap towards longer wavelengths. Consequently, this shift
results in a reduction of the band gap in the CuO- rGO [173].

The computed band gap of the SnO,/ CuO- rGO composite was 3.5 eV,
which was greater than CuO- rGO and smaller than the individual band gaps
of pure rGO and CuO due to an increase in particle size as calculated

previously in XRD results.
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Figure (4.45): Tauc plots of the thin films.

4.11 Current-Voltage (I-V) Characteristics

Current-Voltage characteristics of SnO,/ CuO- rGO, CuO- rGO, CuO,
rGO, and SnO; thin films were investigated under the dark condition. The
measurements were taken using the two-probe method with applied voltage
ranging from -5 to 5 V, as depicted in figure (4.46). The figure shows that
Au electrodes (5.1 eV) have a larger work function than that of SnO, (4.2
eV), rGO (4.6 eV), and CuO (4.8 eV), indicating Schottky contact
generation. Under experimental conditions, all samples displayed Schottky
contact behavior with a slight resistivity change. The non-linear 1-V curve
relation shown in figure is important for gas detecting devices since it
directly influences gas sensor sensitivity. Detecting different target gases
and improving sensing performance requires modulating Schottky barrier

height (SBH) at the metal-semiconductor junction. Many parameters can
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affect electrical contact and thus the sensitivity, such as electrode resistance,

which can be modified by electrode thickness or distance [174].
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Figure (4.46): Current-Voltage characteristics of the thin films.

4.12 Gas Sensor Measurements

The gas-sensing characteristics of sensors have been examined by
measuring the resistance across sensors while the gas mixtures were flowing
through them. The chamber was continuously ventilated with dry air at a
consistent rate during the measurements. Prior to introducing the target gas
into the chamber, the chamber underwent a purging process with dry N, for
approximately half hour. This was done to eliminate any remaining gas

molecules that could affect the gas-detecting behavior.
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4.12.1 NH3 Sensor Measurement

4.12.1.1 GO and rGO Sensors Measurements

The gas-sensing characteristics of GO and rGO sensors had been
examined by measuring the resistance across sensors at various temperatures
(RT, 100 °C, and 200 °C) while the gas mixtures were flowing through them.
Figure (4.47) shows the response of the GO sensor for 100 ppm of NH; gas
at different operation temperatures.

The increase in the response of the sensor had been observed when
sample was exposed to NH3 gas (reducing gas). The NH3; gas contributed
with a pair of valence electrons to GO which acts as a p-type sensor, this
modifies the charge carriers in the p-type GO causing a decrease of holes
concentration and this rises the electrical resistivity. These results agreed
with previously published work [175]. Figure (4.48) shows the variation of
NH; gas sensitivity, response and recovery time versus operating
temperature for GO sensor toward NH; gas. This figure shows that the
sensitivity increases with increasing operation temperature reaching

maximum values at 200 °C.
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Figure (4.47): Dynamic response of GO toward 100 ppm NHj3 gas at different
working temperatures; (a) room temperature, (b) 100 °C, (c) 200 °.
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The response of the rGOjgo sensor for 100 ppm of NH3 gas at different

operation temperatures is shown in figure (4.49). The increase in the

response of the sensor was observed when sample

which acts as a p-type semiconductor.

exposed to NHj; gas
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Figure (4.49): Dynamic response of rGO1o0 toward 100 ppm NHs gas at different
working temperatures; (a) room temperature, (b) 100 °C, (c) 200 °C.
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Figure (4.50) shows the variation of NH3 gas sensitivity, response and

recovery time versus operating temperature for rGOjgo sensor toward NH;
gas. This figure shows that the sensitivity increases with increasing
operation temperature reaching maximum values at 100 °C then decreases

after increase operation temperature to 200 °C.
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Figure (4.50): (a) NHs gas sensitivity versus operating temperature for rGOz1o0, and

(b) response and recovery time versus operating temperatures.

Figure (4.51) shows the response of the rGOyq sensor for 100 ppm of NH3

gas at different operation temperatures. When sample exposure to NH3 gas,

an increase in the response of the sensor was observed as a p-type
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Figure (4.51): Dynamic response of rGOz00 toward 100 ppm NHs gas at different

working temperatures: (a) room temperature, (b) 100 °C, (c) 200 °C.
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Figure (4.52) shows the variation of NH3 gas sensitivity, response and

recovery times versus operating temperature for rGOyy sensor toward NHs;
gas. This figure shows that the sensitivity increases with increasing
operation temperature reaching maximum values at 200 °C. It was observed
from all above results that rGO,qo sensor exhibited higher response than GO
and rGOgo Wwith fast response and recovery times. The enhanced sensitivity
for this sensor is due to the small crystal size oxygen, high roughness, the
presence of pores like slits, and high surface area exposure to gas target as
mentioned in XRD, AFM, FESEM, and BET results. The sensitivity of the
present work is higher than that reported by [176]. The results indicate that
the sensor's response is enhanced when using rGO with a higher degree of

reduction as a sensing material for NHs.

Table (4.17) shows GO and rGO gas sensor parameters (sensitivity,

response time and recovery time with different operating temperatures.
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Figure (4.52): (a) NHs gas sensitivity versus operating temperature for rGO200, and

(b) response and recovery time versus operating temperatures.
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Table (4.17): GO and rGO gas sensor parameters with different operating

temperatures.
sample Operating Temperature Sensitivity Response time Recovery time (sec)
(°C) (%) ()
RM 3.63 45 16
GO 100 2.34 29 19
200 13.04 25 29
RM 2.35 39 20
rGOuoo 100 9.42 27 27
200 5.44 25 30
RM 6.93 21 30
rGO200 100 54.32 30 14
200 62.02 25 15

4.12.1.2 CuO Sensors Measurements
Figure (4.53) shows the response of the CuO sensor prepared at 100 °C
for 100 ppm of NHj5 gas at different operation temperatures.

The increase in the response of the sensor was observed when sample was

exposed to NH3 gas which acts as a p-type semiconductor.
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Figure (4.53): Dynamic response of CuO100 toward 100 ppm NHs gas at different
working temperatures; (a) room temperature, (b) 100 °C, (c) 200 °C.
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Figure (4.54) shows the variation of NHs gas sensitivity, response and

recovery time versus operating temperature for CuO sensor toward NHj3 gas.
This figure shows the increment of CuO sensitivity by increasing operation
temperature up to 5.32% at 200 °C. These results were lower than reported
before [177]. The low response of this sensor was due to high agglomerated
structures on the surface, appearing as larger particles as mentioned by
FESEM results, led to the reduction of the spaces between them, which
cause reducing the gas diffusion and sensing reaction [178] in addition to
decrease in surface area exposure to gas target as appeared from BET

measurements.
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Figure (4.54): (a) NHs gas sensitivity versus operating temperature for CuO, and

(b) response and recovery time versus operating temperatures.

Table (4.18) shows CuO gas sensor parameters (sensitivity, response time

and recovery time) with different operating temperatures.

Table (4.18): CuO gas sensor parameters with different operating temperatures.

Operating Temperature Sensitivity Response time .
Sample Recovery time (sec)
C) (%) (sec)
RM 3.16 31 34
CuO 100 4.49 26 20

200 5.32 25 30
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4.12.1.3 CuO- rGO Sensors Measurements

Figures (4.55), (4.56), (4.57), (4.58), (4.59), (4.60) show the response,

sensitivity, response and recovery times of the CuO- rGO sensors prepared

at 100 °C for 100 ppm of NHj3 gas at different operation temperatures. The
sensor sensitivity of the three sensors (S1, S2, S3) exhibited low values at
room temperature, with recorded values of 5.95, 9.13, and 6.42 for samples
S1, S2, and S3, respectively, as evident from figures. The high response of
the S2 sensor was due to high stability, small crystal size, high roughness,
and larger surface area than S1, and S3 as indicated from XRD, TGA, AFM,
and BET results.

The porous structure of rGO, which appeared from FESEM results,
provides more active sites for NHs; molecules adsorption/desorption,
enhancing the interaction surface area and accelerating carrier transfer
during gas sensing reactions [179]. The sensing response decreased when the
temperature was subsequently raised to 100 °C. When the temperature was
raised to 200 °C, there was a little increase in sensitivity for samples S1, S2,
and S3. This change can be related to the release of oxygen at higher

temperatures due to desorption [180].

The optimal operating temperature of CuO-rGO sensors is around room
temperature. Results had showed that sensor response is influenced by the
weight ratio of GO in nanocomposites. The CuO with incorporated rGO
demonstrated a markedly enhanced sensory responsiveness in comparison to
pure rGO;p0 and CuO;qp. In addition, sample S2 exhibited a rapid reaction
and recovery time of 21 seconds and 15 seconds, respectively, which were

faster than the response and recovery times that seen in prior studies
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conducted at room temperature [121].Table (4.19) shows all sensors'

estimated sensitivity, response, and recovery times.
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Figure (4.55): Dynamic response of S1 toward 100 ppm NHz gas at different

working temperature; (a) room temperature, (b) 100 °C, (c) 200 °C.
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Figure (4.56): (a) NH3 gas sensitivity versus operating temperature for S1, and (b)

response and recovery time versus operating temperatures.
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Figure (4.57): Dynamic response of S2 toward 100 ppm NHs gas at different

working temperature; (a) room temperatures, (b) 100 °C, (c) 200 °C.
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Figure (4.59): Dynamic response of S3 toward 100 ppm NHs gas at different

working temperature; (a) room temperatures, (b) 100 °C, (c) 200 °C.
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Table (4.19): CuO-rGO gas sensor parameters with different operating

temperatu res.
Sample Operating Temperature Sensitivity Response time Recovery time

(°C) (%) (sec) (sec)
RM 5.95 27 30
100 2.46 34 31

Sl 200 3.35 30 34
RM 9.31 21 15
100 5.66 26 29

S2 200 5.94 21 11
RM 6.42 18 25
100 3.55 33 19

S3 200 5.83 25 15

4.12.1.4 SnO,/ CuO Sensors Measurements

Figures (4.61) and (4.62) display the sensitivity, response, and recovery
times of the SnO,/CuO sensors when exposed to 47 ppm of NH; gas at
various operating temperatures (150 °C, 200 °C, 250 °C). This sensor
exhibited no response at room and low temperatures, with the initial
response at 150 °C. Subsequently, a decrease in sensitivity was seen with

Increasing temperature, as depicted in figure (4.62-a).

The behavior of this sensor was opposite to previous sensors, as it shows
a decrease in resistance when exposed to NHs; gas. Figure (4.61)
demonstrates that the addition of SnO, to the CuO thin film enhances the
sensitivity of CuO. CuO is classified as a p-type semiconductor, while SnO,
Is categorized as an n-type semiconductor. Consequently, n-p junctions are
created, causing a depletion region to occur at the interface. This results in a
confined pathway for the conduction of charge carriers, leading to a high

value of sensor resistance [181].
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Nevertheless, the addition of CuO to the SnO, film leads to a more

significant reduction in sensor resistance when exposed to NH3 gas. This can
be due to the improved transfer of NH3; gas molecules onto the surface of
Sn0,, facilitated by the presence of CuO catalysts dispersed throughout the
film. Table (4.20) shows the sensor's estimated sensitivity, response, and
recovery times. It is important to point out that the time taken by SnO,/ CuO
thin film sensor to achieve 90% of the total resistance was achieved in 20
sec, while the time required returning to baseline resistance reduced to 10

sec. These results were higher than that obtained by [182].
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Figure (4.61): Dynamic response of SnO2/CuO toward 47 ppm NHs gas at different
working temperature; (a) 150 °C, (b) 200 °C, (c) 250 °C.
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Table (4.20): SnO2/ CuO gas sensor parameters with different operating

temperatures.

Sample Operating Temperature Sensitivity Response time Recovery time
°C) (%) (sec) (sec)
150 24.63 20 10
200 7.34 9 9
SnO2/Cu0O
250 7.10 7 6

4.12.1.5 SnO2/ rGO Sensors Measurements

The sensitivity, response time, and recovery time of the SnO,/rGO
sensors when exposed to 47 ppm of NH; gas at different operating
temperatures (150 °C, 200 °C, 250 °C) are shown in figures (4.63) and
(4.64).

This sensor displayed very weak response at room and low temperatures,
with the initial response occurring at 150 °C. Following that, there was a rise
In sensitivity with increasing the temperature to 200 °C. However, a
decrease in sensitivity was observed at 250 °C, as depicted in figure (4.64-
a). Upon exposure to NHs;, an n-p heterojunction would be formed at the
interface of SnO, and rGO sheet leading to the creation of a barrier at the
interface of n-type SnO, and p-type rGO nanosheets. SnO; has excellent gas
sensing properties as its conductivity is altered upon the adsorption of target
gas molecules onto preadsorbed oxygen species on the oxide surface. When
a reducing gas such as NHjs is adsorbed onto the surface of SnO,, it releases
a small number of conduction electrons. This leads to the transfer of
electrons from SnO; to rGO, which in turn reduces the potential barrier

between SnO, particles. As a result, the carrier concentration of SnO;
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Increases, leading to an increase in conductivity and a further decrease in

resistance [183].

The superior sensing capabilities of SnO, compared with [183] were
primarily ascribed to the catalytic properties of rGO, high surface roughness,
porosity, and large surface area, which facilitated the adsorption through
rapid response time and intermediate recovery time as shown in Table
(4.21).
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Figure (4.63): Dynamic response of SnO2/rGO toward 47 ppm NHs3 gas at different
working temperature; (a) 150 °C, (b) 200 °C, (c) 250 °C.

4(b) = Response time|- 64
= Recovery time || 62

- 60

w
N

34 4(a) Sensitivity N

32 / \\

©w
--

° °
30 4

S 30 4 7 ;3’ 58 ;g’
< 5 @ 29 56 @
2 281 E £
y - -~
‘_>: @ 28 4 - 54 >

— 26' 17}
@ c 52 2
8 \ 2284 3
0 244 0 -50 9
\ & 26- @

- 48
22 4 4
- 46

20 4 - 44

N
o

n
&
1

T T T T T
160 180 200 220 240 260

--
&
o

T T T T r
140 160 180 200 220 240 260
Temperature (°C) Temperature (°C)

Figure (4.64): (a) NHs gas sensitivity versus operating temperatures for SnO2/rGO,

and (b) response and recovery time versus operating temperature.
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Table (4.21): SnO2/ rGO gas sensor parameters with different operating

Sample Operating Temperature Sensitivity Response time Recovery time
C) (%) (sec) (sec)
150 28.86 24.3 63
200 33.23 315 56.7
SnO2/rGO
250 20.85 26.1 45
temperatures.

4.12.1.6 SNO,/ CuO- rGO Sensors Measurements

The sensitivity, response time, and recovery time of the SnO,/ CuO- rGO
sensors when exposed to 47 ppm of NH; gas at different operating
temperatures (150 °C, 200 °C, 250 °C) are shown in figures (4.65) and
(4.66), (4.67), and (4.68). These sensors display low response at room and
low temperatures, with initial response at 150 °C. SnO,/ S4 and SnO,/S5
sensors showed a decrease in sensitivity as the temperature increased up to
250 °C as depicted in figures (4.66-a) and (4.68-a).

High sensitivity was observed at 150 °C with fast response and recovery
time for the two sensors; then, the sensitivity dropped to low a value at 250
°C. SnOy/ S4 sensor with low amount of GO exhibited high response
compared to SnO,/S5 sensor. This gives an indication that the weight
percentage of GO greatly affected the sensitivity of the nanostructure. In air,
the resistance of SnO,/ S4 and SnO,/ S5 increases compared to CuO, rGO,
CuO- rGO, SnO,/ CuO, and SnO,/ rGO sensors. It can be attributed to the
presence of heterojunctions (specifically n-p junctions), which enhance the

adsorption and decomposition of O,. As a result, a larger concentration of
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chemisorbed oxygen is formed on the surface, increasing the thickness of the

depletion layer. After exposure to NHs gas, it reacts with surface negative
oxygen species, and releases electrons to conduction band of SnO..
Additionally, electrons enter the conduction band of rGO and CuO, resulting
in increased conductivity. The presence of heterojunctions enhances

catalytic activity by increasing adsorption sites.

The SnO,/S4 surface exhibits higher adsorbed oxygen vacancies, that
contributed to increased charge density near the valence and conduction
bands, narrowing the band gap of SnO, and facilitating gas adsorption and
activation [185]. The mesoporous structure of S4 incorporated SnO,, the
higher BET surface area, and the high surface roughness contributes to gas
diffusion. This gives oxygen molecules more sites to interact with inner
grains and lowers the activation energy of gas sensing, which accelerates the
reaction between NH3 and oxygen molecules that have been adsorbed. Table

(4.22) shows the sensor's estimated sensitivity, response, and recovery times.
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Figure (4.65): Dynamic response of SnO2/ S4 toward 47 ppm NHs gas at different
working temperature; (a) 150 °C, (b) 200 °C, (c) 250 °C.
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Figure (4.66): (a) NHs gas sensitivity versus operating temperatures for SnO2/S4,

and (b) response and recovery time versus operating temperature.
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Table (4.22): SnO2- rGO/ CuO gas sensors parameters with different operating

temperatures.

SnO2-S4 '
250 13.79 34 31
150 28.57 234 63.9
200 21.89 24.3 47.7
SnO2-S5
250 2.43 14.4 531

4.12.2 H,S Gas Sensor Measurements

4.12.2.1 SnO,/ rGO Sensor Measurements

The sensitivity, response time, and recovery time of the SnO,/rGO sensors
when exposed to 50 ppm of H,S gas at different operating temperatures (150
°C, 200 °C, 250 °C) are shown in figures (4.69) and (4.70). This sensor
displays weak response at room temperature and low temperatures;
therefore, it was neglected. The excellent response occurs at 150 °C.
Following that, there was a drop in sensitivity as the temperature increased
up to 250 °C as depicted in figure (4.70-a). Upon exposure to H,S gas, an n-
p heterojunction would be formed at the interface of SnO, and rGO sheet
leading to the creation of a barrier at the interface of n-type SnO, and p-type
rGO nanosheets. SnO, has excellent gas sensing properties as its
conductivity is altered upon the adsorption of target gas molecules onto
preadsorbed oxygen species on the oxide surface. When a reducing gas such
as H,S is adsorbed onto the surface of SnO,, it releases a conduction
electron. This leads to the transfer of electrons from SnO, to rGO, which in
turn reduces the potential barrier between SnO, particles. As a result, the

carrier concentration of SnO, increases, leading to an increase in
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conductivity and a further decrease in resistance. The electron flow across

the interfaces of SnO, /rGO nanocomposites was improved due to the
excellent transport capacity of rGO, ensuring good adsorption of H,S
molecules which led to an overall enhancement of both the chemical and
electrical interactions between SnO, and H,S molecules [186]. The superior
sensing capabilities of SnO,/ rGO were primarily ascribed to the catalytic
properties of high surface area rGO, which facilitated the adsorption through
rapid response time of about 12.6 sec and intermediate recovery time of
76seconds as shown in Table (4.23). The addition of rGO nanosheets
reduces the working temperature of pristine SnO, semiconductor material to
150 °C, overcoming its high operating temperature. This result was better
than that obtained by other works [187].
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Figure (4.69): Response of SnO2 /rGO toward 50 ppm of H2S gas at different
operating temperatures ;(a) 150 °C, (b) 200 °C, and (c) 250 °C.
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Figure (4.70): (a) H2S gas sensitivity versus operating temperatures for SnO2 /rGO,

and (b) response and recovery times versus operating temperatures.

Table (4.23): SnO2/rGO gas sensors parameters with different operation

temperatures.
Sample Operating Temperature Sensitivity Response time Recovery time
(°C) (%) (sec) (sec)
150 550 12.6 76.5
200 443.75 6.3 59.4
SnO2/rGO
250 120.68 16.2 72.9

4.12.2.2 SnO,/ CuO Sensor Measurements

Figures (4.71) and (4.72) display the sensitivity, response time, and
recovery time of the SnO,/CuO sensors when exposed to 50 ppm of H,S gas
at various operating temperatures (200 °C, 250 °C). This sensor exhibits
neglected response at room and low temperatures, with the initial response at
200 °C. Subsequently, increased sensitivity was seen with increasing
temperature, and high response was observed at 250 °C as depicted in figure
(4.72-a). Figure (4.71) demonstrates that the addition of SnO; to the CuO
thin film enhances the sensitivity of CuO. CuO is classified as a p-type
semiconductor, while SnO; is an n-type semiconductor. Consequently, n-p

junctions are created, causing a depletion region to occur at the interface.
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This results in a confined pathway for the conduction of charge carriers,

leading to a high value of sensor resistance [46].

Nevertheless, the addition of CuO to the SnO, film leads to more
significant reduction in sensor resistance when exposed to H,S gas. This can
be due to the improved transfer of H,S gas molecules onto the surface of
Sn0O,, facilitated by the presence of CuO catalysts which accelerates the
reaction with H,S. The selectivity characteristic may be due to more active
sites for H,S adsorption dispersed throughout the film [188]. Table (4.24)
summarizes the sensor's estimated sensitivity, response, and recovery times.
It is important to point out that at 250°C, the time taken by SnO,/ CuO thin
film sensor to achieve 90% of the total resistance was 12.6 sec, while the
time required to return to baseline resistance was 46.8 sec. This sensor was
more sensitive to H,S gas than NH; gas. These results were lower than that
obtained by [188] and better than that obtained by [189].
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Figure (4.71): Dynamic response of SnO2/CuO toward 50 ppm H2S gas at different
working temperatures; (a) 200 °C, and (b) 250 °C.
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Figure (4.72): (a) H2S gas sensitivity versus operating temperatures for SnO2 /CuO,
and (b) response and recovery times versus operating temperatures.

Table (4.24): SnO2/ CuO gas sensors parameters with different operating

temperatures.
Sample Operating Temperature Sensitivity Response time Recovery time
(°C) (%) (sec) (sec)
200 40.29 6.3 58.5
SnO2/CuO 250 86.41 12.6 46.8
200 40.29 6.3 58.5
SnO2/CuO 250 86.41 12.6 46.8

4.12.2.3 SnO2/ CuO- rGO Sensors Measurements

The sensitivity, response time, and recovery time of the SnO,/ CuO- rGO
sensors when exposed to 50 ppm of H,S gas at different operating
temperatures (150 °C, 200 °C, 250 °C) are shown in figures (4.73) and
(4.74), (4.75), and (4.76). These sensors display neglected response at room
temperature and low temperatures, with the initial response at 150 °C. SnO,/
S4 and SnO,/ S5 sensors showed higher values of sensitivity as the

temperature increased at 200 °C as depicted in figures (4.74-a) and (4.76-a)
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with rapid response time for the two sensors; then, the sensitivity dropped to

low value at 250 °C.

SnO,/ S4 sensor with low amount of GO exhibited high response
compared to SnO,/S5 sensor. In air, the resistance of SnO,/ S4 increases due
to the presence of heterojunctions within the ternary heterojunctions
(specifically n-p junctions), which enhance the adsorption and
decomposition of O,. As a result, a larger concentration of chemisorbed
oxygen is formed on the surface, increasing the thickness of the depletion
layer. After exposure to H,S gas, it reacts with surface negative oxygen
species, and releases electrons to the conduction band of SnO,. Additionally,
electrons enter the conduction band of rGO and CuO, resulting in an

increased conductivity.

The presence of heterojunctions enhances catalytic activity by increasing
adsorption sites. The Sn0O,/S4 surface exhibits higher adsorbed oxygen
vacancies, that contributed to increased charge density near the valence and
conduction bands, narrowing the band gap of SnO, and facilitating gas
adsorption and activation [185]. The mesoporous structure of S4
incorporated SnO,, the higher BET surface area, and the high surface
roughness contributes to the gas diffusion. This gives oxygen molecules
more sites to interact with inner grains and lowers the activation energy of
gas sensing, which accelerates the reaction between H,S and oxygen
molecules that have been adsorbed [33].

Table (4.25) illustrates the sensor's sensitivity, response time and
recovery time.
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Figure (4.73): Dynamic response of SnO2/ S4 toward 50 ppm H2S gas at different
working temperature; (a) 150 °C, (b) 200 °C and (c) 250 °C.
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Figure (4.74): (a) H2S gas sensitivity versus operating temperatures for SnO2/S4,

and (b) response and recovery times versus operating temperatures.
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Figure (4.75): Dynamic response of SnO2/ S5 toward 50 ppm H2S gas at different
working temperature; (a) 150°C, (b) 200 °C and (c) 250 °C.
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Figure (4.76): (a) H2S gas sensitivity versus operating temperatures for SnO2/S5,

and (b) response and recovery time versus operating temperatures.

Table (4.25): SnO2- rGO/ CuO gas sensors parameters with different operating

temperatures.

Sample . - Response time Recovery time
Operating Temperature (°C)  Sensitivity (%)
(sec) (sec)
150 212.71 234 93.6
200 547.99 10.8 103.5
Sn02/S4
250 3.711 19.8 50.4
150 16.20 24.3 77.4
200 257.14 11 106.2
Sn0O2/S5
250 170.92 6.3 66.6

4.13 Conclusions

1-The thermal reduction approach is preferred for preparing rGO
nanoparticles.

2- It was found from XRD results that rGO can be completely reduced at
200 °C.
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3- Hydrothermal method can be recommended to prepare CuO nanorods and

CuO- rGO nanoparticles in a low cost and simple way.

4- Higher preparation temperatures and annealing improve the nanostructure
crystallinity.

5- The crystallite size of nanoparticles increases for all samples after

annealing to 400 °C and the main peaks of rGO, CuO, and SnO2 were noted

after deposition of SnO; layer by PLD.

6- BET measurements show that rGO prepared at 200 °C has a surface area
of 195 m?/g which is more than GO, CuO pure and CuO- rGO.

7- The FESEM and TEM analysis reveal the presence of rod-shaped
structures in CuO, S1, and S4, which became spherical shapes with
increasing the weight of GO in the nanocomposites. The rGO material
exhibits a plate-like morphology with curved textures and an increase
number of pores, like slits.

8- UV-visible spectroscopy reveals a reduction in the energy gap of the
binary CuO- rGO, and a slight decrease is observed for the three layers
structures.

9- The CuO sensors exhibit the low sensitivity to NH, gas which is
improved after incorporation with SnO, toward NH, and H,S gases.

11- Low response has been observed for CuO- rGO toward NH; gas.
12- The SnO_/rGO sensor has the high sensitivity toward NH, gas.

13- The SnO,/CuO-rGO, SnO,/rGO, and SnO,/CuO sensors are selective to
H,S gas, but the SnO,/rGO sensor has the highest sensitivity.
14- SnO,/ CuO- rGO sensors are the best sensors toward both gases which

were improved after adding rGO.
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Chapter Four Results and Discussion
15- It was observed that SnO,/ CuO- rGO sensors respond more quickly

after incorporation than the other samples such as, GO, SnO,/rGO, and
SnO,/CuO.

16- The working temperature for SnO, was reduced after incorporation with

CuO and rGO.

4.14 Suggestions for Future Work

1- Testing our device with oxidizing gases, such gas NO..

2- Decorating carbon nanotubes with CuO-SnO, nanostructures and testing

by our gas sensor device toward NH, and H:S gases.

3-Deposition of three layers sensors (SnO,/CuO/SnO,) layer by layer using

PLD only and testing by our gas sensor device.

4- Studying the effect of several laser pulses on the structures and thus the

performance of sensor devices (SnO,/Cu0/Sn0Oy).
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